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REMARKS 

Please reconsider the application in view of the above amendments and the 
following remarks. Applicant thanks the Examiner for carefully considering this application. 

Lack of Unity 

Applicant confirms the election, without traverse, of Group I, claims 1-37, in 
which R^', R^ R^^ R^^ R^ and R^' are each independently selected from hydrogen or 
C1-C3 alkyl, for continued prosecution. 

Disposition of the Claims 

Claims 1-37 are pending. Claims 1, 2, and 10 are independent claims. The 
remaining claims depend, directly or indirectly, from these independent claims. 

Amendments to the Claims 

Claims 1, 2, and 10 have been amended to restrict the limitations of the current 
claims to Group I, as elected by the Applicant, i.e., R^ R^', R'^ R^ R*^ R^, and R^^ are each 
independently selected from hydrogen or C1-C3 alkyl. Claims 1-2, 4, 10-1 1, 19, 26 and 3 1 have 
been amended to clarify the recited inventions. Claim 1 has also been converted to a compound 
claim. No new matter is introduced by the amendments. 

Claim Rejections under 35 U.S.C. § 112 

Claims 1-9 and 36 are rejected under 35 U.S.C. §112 as not being enabling for a 
person skilled in the art to practice the invention regarding treatment of human diseases recited 
in these claims. This rejection is respectfully traversed. 

Lesal standard 

The Examiner states that "the specification, while being enabling for inhibition of 
stearoyl-CoA desaturase activity in mice, does not reasonably provide enablement for inhibiting 
human stearoyl-CoA desaturase activity." (Office Action, p. 4). Applicants respectfiiliy note 
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that testing on human is not a requirement for medical treatment claims using pharmaceutical 
compounds or compositions, nor is direct result showing treatment of the claimed diseases 
necessary. The proper inquiry is lA^ether the tests/results described in the specification would be 
recognized by one skilled in the art as correlating with the claimed method invention. 

"An in vitro or in vivo animal model example in the specification, in effect, 
constitutes a 'working example' if that example 'correlates' with a disclosed or claimed method 
invention. ... if the art is such that a particular model is recognized as correlating to a specific 
conditions, then it should be accepted as correlating unless the examiner has evidence that the 
model does not correlate. Even with such evidence, the examiner must weigh the evidence for 
and against correlation and decide whether one skilled in the art would accept the model as 
reasonably correlating to the condition . In re Brana, 51 F.3d 1560, 1566, 34 USPQ2d 1436, 
1441 (Fed. Cir. 1995) (reversing the PTO decision based on finding that in vitro data did not 
support in vivo applications)." See, USPTO Training Materials for Examining Patent 
Applications with Respect to 35 U.S.C. Section 112, First Paragraph - Enablement of 
Chemical/Biotechnical Applications, which can be found at http://Q- 
www.uspto.gov.mill 1 .silibrary.org/web/offices/pac/dapp/lpecba.htm . (emphasis added). 

"The evidence provided by applicant need not be conclusive but merely convincing to 
one skilled in the art. A declaration or affidavit is. itself, evidence that must be considered . . . . 
The examiner should never make the determination based on personal opinion. The 
determination should always be based on the weight of all the evidence." See, USPTO Training 
Materials for Examining Patent Applications with Respect to 35 U.S.C. Section 112, First 
Paragraph - Enablement of Chemical/Biotechnical Applications, cited above, (emphasis 
original). 

That the evidence provided by applicant need not be conclusive is important because the 
nature of scientific inquuies often does not permit the scientist to make a definite conclusion. 
Typically, scientists make decisions, discoveries, and conclusions based on preponderance of 
evidence. As such, scientists typically cannot conclude that other possibilities do not exist. 
Therefore, the proper legal standard has always been whether one skilled in the art would be 
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convinced that a correlation exists between the data/model and the claimed methods/uses. That 
is, based on the knowledge of one skilled in the art, whether the evidence weighs "for" or 
"against" the correlation - i.e., based on preponderance of evidence. The Examiner should not 
substitute personal opinion for this determmation. For reasons set forth below. Applicant 
respectfully submits that, in view of the prior art knowledge, a correlation exists between the 
disclosed information and the claimed methods. 

The Specification teaches an in vitro assay for testing the claimed compounds' ability to 
inhibit stearoyl-CoA desaturase-1 activity. The assay is known in the art, see e.g., PCT 
publication No. WO 2001/062954. In addition to results described in the specification, further 
results for additional compounds in the claims (IC50 data) are submitted herewith (see attached 
37 C.F.R. § 1.132 Declaration). As shown by these results and those described in the 
specification, the claimed compounds of the present invention exhibit activities as SCD 
inhibitors. In view of the state of the art at the time the instant application was filed (see 
discussion below), one skilled in the art would reasonably expect that the compounds of the 
invention, would be usefiii in treating diseases mediated by SCD, including type 11 diabetes, 
obesity, dyslipidemia, metabolic syndrome and acne in humans. 

In one aspect, Applicants respectfiilly submit that one skilled in the art would reasonably 
expect that the compounds of the invention would be usefiil in treating type II diabetes by virtue 
of their ability to inhibit stearoyl-CoA desaturase activity. It is a well-known fact that patients 
with type II diabetes produce insulin, but lose the ability to respond to insulin signaling, i.e., the 
patients have decreased insulin sensitivity. Through the inhibition of stearoyl-CoA desaturase-1 
activity, one can increase insulin sensitivity, thereby preventing or treating Type II diabetes. In 
Ntambi J.M. et al, Proc. Natl. Acad Sci,, (August 20, 2002), Vol. 99, No. 17, pp. 11482-6, it 
was shown that mice with disrupted stcaroyl-CoA desaturase-1 activity have increased insulin 
sensitivity (see first paragraph, pp. 11482). Moreover, it was shown (on page 11484) that 
stearoyl-CoA desaturase-1 knock-out mice showed improved glucose tolerance and a greater 
response to glucose lowering effect of insulin when compared to wild-type mice. The data 
supports the conclusion that inhibition of stearoyl-CoA desaturase-1 activity would lead to 
increased insulin sensitivity, which is a desired endpoint for the treatment of Type 11 diabetes. 
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Thus, Applicants respectfully submit that the instant appUcation is enabling for the use of the 
compounds in treating humans for type II diabetes and/or for increasing insulin sensitivity. 

In addition, Applicants respectfully submit that it is possible to treat obesity by inhibiting 
stearoyl-CoA desaturase-1 activity. As noted in Park, E.I. et ah, J. Nutr. (1997), Vol. 127, pp. 
566-573 (submitted herewith), mice provided with a diet that lowered the expression of stearoyl- 
CoA desaturase-1 had lower body weight and lower serum concentrations of total cholesterol, 
triglycerides, and HDL cholesterol. Furthermore, Ntambi et al, cited above, demonstrated that 
loss of stearoyl-CoA desaturase-1 function (activity) protected mice from gaining weight from a 
high-fat diet. Thus, one skilled in the art, in view of these references, would reasonably expect 
the compounds of the invention, by virtue of their ability to inhibit stearoyl-CoA desaturase-1 
activity, to be useful in treating obesity in humans based on the disclosure of the Specification 
and the IC50 data. 

With respect to treating dyslipidemia and lowering triglyceride, LDL and VLDL serum 
levels, WO 2001/062954 disclosed an animal model for testing the claimed compounds' 
effectiveness in lowering triglyceride, LDL and VLDL serum levels (see Example 1) and 
demonstrated the correlation between stearoyl-CoA desaturase-1 activity in humans and levels of 
serum triglycerides (see Example 2). Furthennore, as noted by Miyazaki, M. et al., Journal of 
Lipid Research (2001), Vol. 42, pp. 1018-1024 (submitted herewith), triglyceride synthesis was 
dramatically reduced ui the liver of SCD -/- mice fed a lipogenic diet compared to normal mice. 
See also Miyazaki, M. et al, J. Biol. Chem. (2000), Vol. 275, No. 39, pp. 30132-30138 
(submitted herewith). These observations demonstrated that the induction of triglyceride 
synthesis is highly dependent upon the expression of the stearoyl-CoA desaturase-1 gene. Thus, 
one skilled in the art, having knowledge of WO 2001/062954, the Miyazki references, the instant 
Specification and the IC50 data of the claimed compounds, would reasonably expect the 
compounds of the invention to be useful in lowering triglyceride, LDL, and VLDL serum levels 
and treating dyslipidemia in a human subject. Furthermore, as noted in Attie, A.D. et al.. 
Journal of Lipid Research (2002), Vol. 43, pp. 1899-1907, which was published on August 16, 
2002, stearoyl CoA desaturase activity was hypothesized as rate-limiting in triglyceride 
production in a wide array of dyslipidemias. 
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The Specification of the instant application provides a definition for the term "metabolic 
syndrome" on page 38, lines 27-31. The term "metabolic syndrome" is a recognized clinical 
term and has been used to describe a condition comprising at least one of type II diabetes, 
impaired glucose tolerance and insulin resistance, together with at least two of the following 
maladies hypertension, obesity, hypertriglyceridemia, low HDL or microalbuminemia. In other 
words, the term "metabolic syndrome" is used to describe a cluster of metabolic abnormalities. 
Disorders like "dyslipidemia, hypertension and obesity" are merely components of the metabolic 
S3mdrome and inhibition of stearoyl-CoA desaturase-1 activity can be a therapeutic treatment for 
each of these disorders individually or collectively. Given that it is a known fact that stearoyl- 
CoA desaturase-1 is a key regulator of fatty acid metabolism and insulin action (see Ntambi, 
J.M. et at. Journal of Lipid Research (1999), Vol. 40, pp. 1549-1558, submitted herewith), a 
compound that inhibits stearoyl-CoA desaturase-1 activity can impact more than one component 
of the metabolic syndrome and will be useful in its treatment. 

Furthermore, Applicants respectfully submit that it is possible to treat acne by inhibiting 
stearoyl-CoA desautrase-1 activity. Zheng et al, Nat. Genet. (1999) 23:268-270 (submitted 
herevwth), showed that rodents lacking a functional SCDl gene had changes to the condition of 
their eyes, skin and coat thereby reducing the excessive sebum production that typically results 
in the formation of acne. As noted by Miyazaki et al, J. Nutr. (2001), Vol. 131, pp 2260-68 
(submitted herewith), SCDl-/- mice developed cutaneous abnormalities and atrophic sebaceous 
and meibomian glands compared to normal mice. These observations demonstrated that 
reduction of the sebum production can be effected by the inhibition of SCDl and one skilled in 
the art would reasonably expect the compounds of the invention, by virtue of their ability to 
inhibit stearoyl-CoA desaturase-1 activity, to be useful in treating acne in humans. 

Therefore, in view of the foregoing remarks, the Applicants respectfully submit that the 
Specification, in view of the existing knowledge in the prior art and the IC50 data, is clearly 
enabling for methods of treating disease mediated by SCD, including type II diabetes, obesity, 
dyslipidemia, metabolic syndrome and acne by the administration of a compound of the 
invention to the human. 
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1, Breadth of claims 

a. Scope of the compounds 

Applicant respectfully notes that methodology for the synthesis of these compounds 
is well within the skills of an ordinary artisan. Further, the specification, e.g., pages 
49-76, discloses various synthesis schemes with examples of detailed synthesis. 

b. Scope of the diseases covered 

Applicants respectfully submit that one skilled in the art would reasonably expect that 
the compounds of the invention would be useful in treating various diseases mediated 
by SCD. Diseases mediated by SCD are not of unknown scope. As noted above, 
prior art is replete with evidence that inhibition of SCD can be effective in treating 
diseases mediated by SCD. One skilled in the art would not doubt that other diseases 
mediated by SCD can also be controlled by the inhibition of SCD. Applicants 
respectfully note that there is no need to demonstrate every single species included in 
a genus. 

"For a claimed genus, representative examples together with a statement applicable to 
the genus as a whole will ordinarily be sufficient if one skilled in the art - in view of 

level of skill, state of the art and the information in the specification - would expect 
the claimed genus could be used in that manner without undue experimentation." 
(see the USPTO Training Materials cited above). 

2. The nature of the invention and predictability in the art 

Examiner cites Dobrzyn, et al. as stating, "However, the potential use of an SCD 
inhibitor as a human therapeutic agent awaits a more complete understanding of the 
mechanism underlying the effects of SCD deficiency and indication that the 
inhibition of this enzyme is both safe and efficacious." 

Complete understanding of the mechanism and the safety is desirable, but not a 
criterion for patent protection. Furthermore, safety and efficacy issues are FDA 
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requirements, not PTO requirements. See, Scott v. Finney, 34 F.3d 1058, 1063 (Fed. 
Cir. 1994) ("Testing for the full safety and effectiveness of a prosthetic device is 
more properly left to the Food and Drug Administration (FDA). Title 35 does not 
demand that such human testing occur within the confines of Patent and Trademark 
Office (PTO) proceedings."); see also. In re Brana, at 1567. 

Applicants respectfully note that Dobrzyn does not really cast doubt on the rationale 
of using SCD inhibitors to treat SCD-mediated diseases. As noted above, there are 
plenty of prior art references supporting the notion of using SCD inhibitors as 
therapeutic agents of SCD-mediated diseases. In light of overwhelming evidence. 
Examiner should not rely too much on Dobrzyn. See the USPTO Training Materials 
cited above ("Even with such evidence, the examiner must weigh the evidence for 
and against correlation and decide whether one skilled in the art would accept the 
model as reasonably correlating to the condition"). 

More importantly, Sjogren, et al. (Diabetologia, Nov. 2007; e-publication ahead of 
print; the Abstract is attached) have confirmed a relationship between SCD activity 
and obesity/insulin resistance, previously observed in rodents, in humans . This 
publication proves that majority of the skilled artisans are correct and that Dobrzyn' s 
doubt, if any, is unjustified. 

3. Direction of guidance 

The present Specification provides a general guidance for preferred dosage range 
(page 46, lines 17-25) and modes of administration (page 46, lines 26-29). A person 
with ordinary skill in the art who will be using these therapeutic agents is probably a 
researcher, a pharmacist or a physician. These people would know how to determine 
the optimal dosage and the optimal method of admmistration for treating SCD- 
mediated diseases in humans. Applicants respectfully submit that there is no need to 
include detailed information as to how to find the optimal dosages and how to 
administer these dosages to a patient. 
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"The test of enablement is 'wiiether one reasonably skilled in the art could make or 
use the invention from the disclosures in the patent coupled with information known 
in the art without undue experimentation." United States v. Telectronics, Inc., 857 
F.2d 778, 785, 8 USPQ2d 1217, 1223 (Fed. Cir. 1988). A patent need not teach, and 
preferably omits, what is well known in the art. Hybritech Inc. v. Monoclonal 
Antibodies, Inc., 802F.2d 1367, 1384, 231 USPQ 81, 94 (Fed. Cir. 1986); see also, 
MPEP§2182. 

4. State of the prior art 

As noted above, there are many publications linking SCD to various diseases. Thus, 
the concept of using SCD inhibitors in the treatment of such diseases is well 
established. When this approach has been shown in several diseases, either by in 
vitro or in vivo animal model experiments, the state of the prior art is relatively 
mature. It is not pure speculation. 

By quoting Giutierrez-Juarez, et al, J. Clin. Invest, 116:1686-1695, 2006, "If the 
effects of SCDl deficiency are confirmed in humans, the pharmacological inhibition 
of this enzyme should have independent and beneficial effects on both weight gain 
and insulin action," the Examiner seems to imply that unless human test results are 
available, the invention is speculative. 

However, as noted above, human tests are not required before patent protection can 
be granted. Agaui, majority of people skilled in this art believe that inhibition of 
SCD can be used to treat diseases mediated by SCD. This belief has been 
substantiated by Sjogren, et al. published in 2007 (cited above) and Warensjo, et al.. 
Obesity 15:1732-1740, 2007, which also shows a relationship between SCD activity 
(affected by SCD gene polymorphisms) and obesity/insulin sensitivity in 1 143 men . 

Applicants respectfully submit that a skilled artisan having knowledge of the above- 
cited references would not consider treatment of SCD-mediated diseases with SCD 
inhibitors unpredictable. 
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5. Working examples 

As acknowledged by the Examiner, the specification enables the inhibition of SCD in 
mice and provides method of assaying SCD inhibition. However, the Examiner 
argues that the specification does not provide working examples in humans. Again, 
the legal standard is whether one skilled in the art would believe the animal model 
correlates with the treatments claimed; there no requirement that a pharmaceutical 
agent must be demonstrate in human. 

It is abundantly clear that one skilled in the art would beheve the mouse model 
would correlate with the human diseases, and this has been demonstrated by Sjogren, 
et al, and Warensjo et al. noted above. 

6. Skill of those in the art 

Applicant submits that a skilled artisan would be someone with an M.D. and/or PLD. 
degree in the related field. 

7. The quantity of experimentation needed 

The present Specification provides adequate guidance with a dosage range and 
methods of administration. Procedures for determining optimal dosage range and 
optimal method of administration are routine and known to a skilled artisan. The 
particular area of art is not speculative. Therefore, the Applicant submits that one 
skilled in the art would not need "undue experimentation" to use the present 
invention. 

Claim Rejections under 35 U.S.C. § 102(a) 

Claims 10 and 37 are rejected under 35 U.S.C. § 102(a) as anticipated by Dickson 
et al. (US 2006009460) (hereinafter "Dickson"), Lu et al. (US 2007203100) (hereinafter "Lu"), 
Chubb et al, (US 2007185101) (hereinafter "Chubb"), and Dow et al., (US 7247628) 
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(hereinafter "Dow"), while claims 10, 11, and 37 are rejected under 35 U.S.C. § 102(a) as 
anticipated by Iwata et al., (JP 2004203871) (hereinafter "Iwata"). 

The priority dates and publication dates of the above references are as follows: 

Dickson: Jun 4, 2004 (publication date: Jan. 12, 2006) 

Lu: Feb 24, 2004 (publication date: Aug. 30, 2007) 

Chubb: Feb. 14, 2003 (publication date: Aug. 9, 2007) 

Iwata: None (publication date: Jul. 22, 2004) 

Dow: Dec. 12, 2002 (publication date: Jun. 24, 2004) 

Dickson and Lu are not valid prior art references because they were filed after the 
priority date of the present invention, July 30, 2003. In addition, Iwata is not a valid prior art 
reference under 35 U.S.C. §1 02(a) because it was published after the priority date of the present 
invention, nor is it a prior art reference under 35 U.S.C. § 102(e) because it is not a .U.S. 
application. Accordingly, withdrawal of rejections based on these references is respectfully 
requested. 

Chubb and Dow were published after the priority date of the present invention. 
Therefore, they are not prior art under 35 U.S.C. § 102(a). However, they qualify as prior art 
references under 35 U.S.C. § 102(e). 

Claim Rejections under 35 U.S.C. § 102(b) 

/■ Dickson et al. 

Claims 10 and 37 are rejected under U.S.C. 102(a) as being anticipated by 
Dickson et al., U.S. 2006009460. As noted above, Dickson et al. is not a proper prior art 
reference. Accordingly, withdrawal of this rejection is respectfully requested. 
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2. Lu et al. 

Claims 10 and 37 are rejected under U.S.C. 102(a) as being anticipated by Lu et 
al, U.S. 2007203 100. As noted above, Lu et ai. is not a proper prior art reference. Accordingly, 
withdrawal of this rejection is respectfully requested. 

3. Chubb etal. 

Claims 10 and 37 are rejected under U.S.C. 102(a) as being anticipated by Chubb 
et al., U.S. 2007185101. Claim 10 has been amended. To the extent that this rejection may still 
apply to the amended claims, this rejection is respectfully traversed. 




As shown in the above structure, RN 745064-54-4 has a methoxy group attached 
to the 6-position of the pyridazine ring. This methoxy group correspond to the "R^-W — " group 
of compounds of the present invention. However the "R'^-W — " group of compounds of the 
invention does not include any alkyloxy group. Therefore, compounds of Chubb et al. are 
structurally distinct from compounds of the invention. In addition, Chubb et al. discloses the use 
of these compounds as antiparasitic agents, which is different from the use of the compounds of 
the invention. Accordingly, withdrawal of this rejection is respectfully requested. 

4. Iwata et al. 

Claims 10, 11, and 37 are rejected under U.S.C. 102(a) as being anticipated by 
Iwata et al., JP 2004203871. As noted above, Iwata et al. is not a proper prior art reference. 
Accordingly, withdrawal of this rejection is respectfiaily requested. 
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5. Dowetal. 

Claims 10 and 37 are rejected under U.S.C. 102(a) as being anticipated by Dow et 
al., U.S. 7247628. Claim 10 has been amended. To the extent that this rejection may still apply 
to the amended claims, this rejection is respectfully traversed. 




As shown in the above structure, RN 709034-95-7 has a methoxy group attached 
to the 6-position of the pyridazine ring. This methoxy group correspond to the "R^-W — " group 
of compounds of the present invention. However the "R'^-W — " group of compounds of the 
invention does not include any alkyloxy group. Therefore, compounds of Dow et al. are 
structurally distinct from compounds of the invention. In addition, Dow et al. discloses the use 
of these compounds as cannabinoid CBl receptor antagonists, which is different from the use of 
the compounds of the invention. Accordingly, withdrawal of this rejection is respectfully 
requested. 



6. CAPLUSAN: 1968:95776 

Claims 10 and 37 are rejected under U.S.C. 102(b) as being anticipated by 
Database CAPLUS AN: 1968:95776, which discloses RN 18524-49-7 (2-chloro-10-[3-[4-(6- 
methoxy-3-pyridazinyl)-l-piperazinyl]propionyl]-phenothiazine). Claim 10 has been amended. 
To the extent that this rejection may still apply to the amended claims, this rejection is 
respectfully traversed. 
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CAPLUS AN: 1968:95776 discloses 2-chIoro-lQ-r3-r4- (6-methoxv-3- 

pyridazinvlV 1 -piperazinyl]propionyl]-phenothiazine. In this compound, the 6-position of 
pyridazine ring is substituted with methoxy. This methoxy group corresponds to the "R^-W — " 
group in compounds of the invention. However, the "R^-W — " group cannot be any alkyloxy 
group. Thus, the compound disclosed in CAPLUS AN: 1968:95776 is different from 
compounds of the invention. Accordingly, withdrawal of this rejection is respectfially requested. 

7. CAPLUS AN: 1967:473577 




Claims 10 and 37 are rejected under U.S.C. 102(b) as being anticipated by 
Database CAPLUS AN: 1967:473577, which discloses RN 15567-65-4 (3-[4-[2-[(o-chIoro-a- 
phenvlbenzvl)oxv1ethvll-l-piperazinvll- 6-methoxv-pvridazine^ . Claim 10 has been amended. 
To the extent that this rejection may still apply to the amended claim, this rejection is 
respectfully traversed. 

CAPLUS AN: 1967:473577 discloses 3-[4-[2-[(o-chloro-a-phenyi- 
benzvnoxY]ethvl]-l-piperazinYl] -6-methoxy-pvridazine . In this compound, the 6-position of 
pyridazine ring is substituted with methoxy. This methoxy group corresponds to the "R^-W — " 
group in compounds of the invention. However, the "R^-W — " group cannot be any alkyloxy 
group. Thus, the compound disclosed in CAPLUS AN: 1967:473577 is different from 
compoimds of the invention. Accordingly, withdrawal of this rejection is respectfully requested. 

8. Iwataetal. and EP 1396487 
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Claims 10, 11, and 37 are rejected under 35 U.S.C. §102(b) as being anticipated 
by Iwata et al. WO 02/102778 (hereinafter "Iwata") (published on Dec. 27, 2002) and EP 
1396487 (published on Mar. 10, 2004). 

The EP 1396487 application was published after the priority date of the present 

invention, July 30, 2003. Therefore, it is not a proper prior art reference. Iwata was published 
on Dec. 27, 2002, which is within 12 months prior to the priority date of the present invention, 
July 30, 2003. Thus, Iwata is a prior art reference under 35 U.S.C. § 102(a), not 102(b). Claim 
10 has been amended. To the extent that this rejection may still apply to the amended claim, this 
rejection is respectfully traversed. 




As shown in the above structure, Compound 49 of Iwata has a 6-methoxy- 
pyridazine group. The methoxy group corresponds to the the "R^-W — " group in compounds of 
the invention. However, the "R^-W— " group cannot be any alkyloxy group. Thus, the 
compound disclosed in Iwata is different from compounds of the invention. Accordingly, 
withdrawal of this rejection is respectfully requested. 

P. Herron et al. 

Claims 10 and 37 are rejected under U.S.C. 102(b) as being anticipated by Herron 
et al. WO 02/10154 (heremafter "Herron") (Examples P13-P21, 48, 52, 81, and 85). Claim 10 
has been amended. To the extent that this rejection may still apply to the amended claim, this 
rejection is respectfully traversed. 
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Herron discloses compounds comprising a pyridazine core bonded to a 7- 



membered homopiperazine core (P13-P21, and Examples 48, 52, 81, and 85). In contrast, the 
amended claim 10(x = y=l) recites compounds comprising a pyridazine core bonded to a 6- 
membered piperazine core. Therefore, the amended claim 10 is patentable over Herron. 
Dependent claim 37 should also be patentable for at least the same reasons. Accordingly, 
withdrawal of this rejection is respectfully requested. 

10. Pollak 

Claims 10 and 37 are rejected under U.S.C. 102(b) as being anticipated by Pollak, 
et al., WO 99/00386 (hereinafter "Pollak") (Examples 5 and 7). Claim 10 has been amended. 
To the extent that this rejection may still apply to the amended claim, this rejection is 
respectfully traversed. 



attached to the Nl position of the piperazine ring, see e.g., 3-14-(6-methoxypyridazin-3-yl)- 

piperazinyl] methyl- 1 H-pyrrolo-[2,3-b]pyridine (Example 5) and 3-[4-(6-methoxy-5- 
iodopyridazin-3-yl)-piperazinyl]methyi-l H-pyrrol-[2,3-b]pyridine (Example 7). 



the piperazine ring. The -V-R^ group does not include methyl-1 H-pyrrolo-[2,3-b]pyridine. 
Therefore, the amended claim 10 is patentable over Pollak. Dependent claim 37 should also be 
patentable for at least the same reasons. Accordingly, withdrawal of this rejection is respectfully 
requested. 




Pollak discloses compoimds having a methyl-1 H-pyrrolo-[2,3-b]pyridine group 



In contrast, compounds of claim 10 have a -V-R^ attached to the N4 position of 



11. Earl 
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Claims 10 and 37 are rejected under U.S.C. 102(b) as being anticipated by Earl, et 



al., US 5166147 (hereinafter "Earl") (Examples 8 and 12). Claim 10 has been amended. To the 
extent that this rejection may still apply to the amended claim, this rejection is respectfiilly 
traversed. 



core, in which the N4 position of the piperazine is substituted with a -(CH2)p- (p 1-5) linker. 
This substitution corresponds to the -V-R^ in the compounds of claim 10. However, the -V-R^ 
group in the compounds of claim 10 caimot have a -(CH2)p — directly attached to the N4 of the 
piperazine ring. Therefore, claim 10 is patentable over Earl and dependent claim 37 should also 
be patentable for at least the same reasons. Accordingly, withdrawal of this rejection is 
respectfully requested, 

12. Stokbroekx et al. EP 0320032 

Claims 10 and 37 are rejected under U.S.C. 102(b) as being anticipated by 
Stokbroekx, et al, EP 0320032 (hereinafter "Stokbroekx '032") (page 28, Examples 13, 14, and 
16; page 33, Example 30; and page 34, Example 88). Claim 10 has been amended. To the 
extent that this rejection may still apply to the amended claim, this rejection is respectfiiUy 
traversed. 




wherein; 

© A is ~imi)r~ Cp= S-S): sMAw 

0f) E' h sslected from the group coMtoii^ «S 




Earl discloses a compound comprising a piperazine core bonded to a pyridazine 
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Stokbroekx '032 discloses compovinds having the above general structure, in 
which G can be a piperazine and "Alk" is an alkyl linker. The "Alk" group, when attached to 
N4 of a piperazine ring, corresponds to the -V-R^ group in the compounds of the amended claim 
10. However, the -V-R^ group cannot be an alkyl linker directly attached to N4 of the 
piperazine ring. Therefore, the amended claim 10 is patentable over Stokbroekx '032. 
Dependent claim 37 should also be patentable for at least the same reasons. Accordingly, 
withdrawal of this rejection is respectfully requested. 

13. Stokbroekx. etaL EP 0211457 

Claims 10 and 37 are rejected under U.S.C. 102(b) as being anticipated by 
Stokbroekx, et al., EP 0211457 (hereinafter "Stokbroekx '457") (Examples 6 and 9). Claim 10 
has been amended. To the extent that this rejection may still apply to the amended claim, this 
rejection is respectfully traversed. 




Stokbroekx '457 discloses compounds having the above general structure, in 
which R5 comprises an alkyl or alkenyl linker directly attached to the N4 of the piperazine ring. 
In contrast, the corresponding -V-R^ group in the compounds of the amended claim 10 does not 
have an alkyl or alkenyl linker directly attached to N4 of the piperazine ring. Therefore, the 
amended claim 10 is patentable over Stokbroekx '457. Dependent claim 37 should also be 
patentable for at least the same reasons. Accordingly, withdrawal of this rejection is respectfully 
requested. 

14. Stokbroekx. et aL EP 0156433 

Claims 10 and 37 are rejected under U.S.C. 102(b) as being anticipated by 
Stokbroekx, et al., EP 0156433 (hereinafter "Stokbroekx '433") (Example 41). Claim 10 has 
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been amended. To the extent that this rejection may still apply to the amended claim, this 
rejection is respectfully traversed. 



which A may comprise a moiety that forms piperazine ring having an R"* group attached to N4 of 
piperazine. R'* is selected from lower alkyi, lower alkylcarbonyl, and lower alkyloxycarbonyl, 
among others, (p. 3, lines 21-28). The R4 group corresponds to the ~V-R^ group in the 
compounds of the invention. Claim 10 has been amended such that the -V-R^ group does not 
include any of the groups listed in Stokbroekx '433. Therefore, the amended claim 10 is 
patentable over Stokbroekx '433. Dependent claim 37 should also be patentable for at least the 
same reasons. Accordingly, withdrawal of this rejection is respectfully requested. 

15. Janssen 

Claims 10 and 37 are rejected under U.S.C. 102(b) as being anticipated by 
Janssen, US 2985657 (hereinafter "Janssen") (Examples 20 and 24). Claim 10 has been 
amended. To the extent that this rejection may still apply to the amended claim, this rejection is 
respectfully traversed. 



is an alkylene linker directly attached to N4 of the piperazine ring. This "Alk" group corresponds 

to the -V-R^ group in the compounds of the invention. Claim 10 has been amended such that the 
-V-R3 group does not include an alkylene directly attached to the N4 of the piperazine ring. 
Therefore, the amended claim 10 is patentable over Janssen. Dependent claim 37 should also be 




Stokbroekx '433 discloses compounds having the above general structure, in 




Janssen discloses compounds having the above general structure, wherein "Aik" 
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patentable for at least the same reasons. Accordingly, withdrawal of this rejection is respectfully 
requested. 

16. Van Emelen et al. 

Claims 10 and 37 are rejected under U.S.C. 102(b) as being anticipated by Van 
Emelen, et al., WO 03/076422 (hereinafter "Van Emelen") (Examples A21, B17, and B24). 

Van Emelen was published on Sept. 18, 2003, which is later than the priority date 
of the present invention, i.e.. My 30, 2003. Therefore, Van Emelen is not a proper prior art 
reference under 35 U.S.C. § 102(b). Accordingly, withdrawal of this rejection is respectfully 
requested. 

17. Boissier 

Claims 10 and 37 are rejected under U.S.C. 102(b) as being anticipated by 
Boissier, J. Med. Chem. 6:541-544, 1963 (hereinafter "Boissier") (page 542, Example XXIII). 
Claun 10 has been amended. To the extent that this rejection may still apply to the amended 
claim, this rejection is respectfully traversed, 

; :\im^^ ^NR 

Boissier discloses compounds having the general structure shown above, in which 
ArCH2- is attached to N4 of the piperazine ring. This "ArCHi-" group corresponds to the -V-R^ 
group in the compounds of the invention. Claim 1 0 has been amended such that the -V-R^ group 
does not include an alkylene directly attached to the N4 of piperazine. Therefore, the Miended 
claim 10 is patentable over Boissier. Dependent claim 37 should also be patentable for at least 
the same reasons. Accordingly, withdrawal of this rejection is respectfully requested. 

18. Ratouis 
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Claims 10 and 37 are rejected under U.S.C. 102(b) as being anticipated by 
Ratouis, J. Med. Chem. 8: 104-107, 1965 (hereinafter "Ratouis") (page 105, Example 38). Claim 
10 has been amended. To the extent that this rejection may still apply to the amended claim, this 
rejection is respectfully traversed. 

I ArClljCH,|N NR 

Ratouis discloses compounds having the general structure shown above, in which 
ArCH2CH2- is attached to N4 of the piperazine ring. This "ArCHjCHa-" group corresponds to 
the -V-R-' group in the compounds of the invention. Claim 10 has been amended such that the - 
V-R'^ group does not include an aikylene directly attached to the N4 of piperazine. Therefore, 
the amended claim 10 is patentable over Ratouis. Dependent claim 37 should also be patentable 
for at least the same reasons. Accordingly, withdrawal of this rejection is respectfully requested. 

19. Toldvetal. 

Claims 10, 11, 15, and 37 are rejected under U.S.C. 102(b) as being anticipated by 
Toldy et al., Acta Chim. Acad. Sci. Hung., 49:265-286, 1966 (hereinafter "Toldy") (page 268, 
Example 15). Claim 10 has been amended. To the extent that this rejection may still apply to 
the amended claim, this rejection is respectfully traversed. 

Toldy discloses compounds having the general structure shown above, in which R 
may be "6-Methoxypyridazinyl-3-" (compound 15). The 6-Methoxy group on the pyridazine 
ring corresponds to the R^-W- group in the compounds of the invention. Claim 10 has been 
amended such that the R^-W- group does not include a methoxy group. Therefore, the amended 
claim 10 is patentable over Toldy. Dependent claims 11, 15, and 37 should also be patentable 
for at least the same reasons. Accordingly, withdrawal of this rejection is respectfully requested. 
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20. Stecketal. 

Claim 10 is rejected under U.S.C. 102(b) as being anticipated by Stack et al., J. 
Heterocycl. Chem. 11:1077-1079, 1974 (hereinafter "Steck") (page 1079). Claim 10 has been 
amended. To the extent that this rejection may still apply to the amended claim, this rejection is 
respectfully traversed. 

Steck discloses various dialkylamino-pyridazines, including 6-(4-Benzyl-l- 
piperazinyl)-3-diethylaminopyridazine (page 1079, left column). The 4-Benzyl group on the 
piperazine ring corresponds to the -V-R"' group at the N4 of the piperazine ring in the 
compounds of the invention. Claim 10 has been amended such that the -V-R^ group does not 
include any -CH2- (including the benzyl group; i.e., Ph-CH2-) directly attached to N4 of the 
piperazine ring. Therefore, the amended claim 10 is patentable over Steck. Accordingly, 
withdrawal of this rejection is respectfully requested. 

21. Horietal. 

Claims 10 and 37 are rejected under U.S.C. 102(b) as being anticipated by Hon et 
al., Chem. Pharm. Bull. 29:1253-1266, 1981 (hereinafter "Hon") (page 1259, Example 17x). 
Claim 10 has been amended. To the extent that this rejection may still apply to the amended 
claim, this rejection is respectfiilly traversed. 

To "01 

Hori discloses compounds having the general structure shown above, in which the 
piperazine ring includes di-oxo substitutions. In contrast, claim 10 has been amended to exclude 
"0x0" analogs of the piperazme ring. Therefore, the amended claim 10 is patentable over Hori. 
Dependent claim 37 should also be patentable for at least the same reasons. Accordingly, 
vdthdrawal of this rejection is respectfully requested. 
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22. Pollaketal 

Claims 10 and 37 are rejected under U.S.C. 102(b) as being anticipated by PoUak 
et al., US 5976497 (hereinafter "Pollak") describing RN 219635-11-7, RN 219635-16-2, and RN 
219635-21-9. Claim 10 has been amended. To the extent that this rejection may still apply to 
the amended claim, this rejection is respectfully traversed. 



shown above, in w^hich the pyrrolo[2,3-b]pyridine moiety is linked via a -CH2- linkage to the 
piperazinyl-pyridazine moiety. Thus, the "pyrrolo[2,3-b]pyridinyl-CH2-" group corresponds to 
the -V-R'' group at N4 of piperazine in the compounds of the invention. However, the -V-R'' 
group of the amended claim 10 cannot have a -CH2- linkage directly attached to N4 of the 
piperazine ring. Therefore, the amended claim 10 is patentable over Poliak. Dependent claim 37 
should also be patentable for at least the same reasons. Accordingly, withdravvfal of this rejection 
is respectfully requested. 

23. Pieperetal. 

Claims 10 and 37 are rejected under U.S.C. 102(b) as being anticipated by Pieper, 
et al., US 5994356 (hereinafter "Pieper") describing RN 198626-16-3 and RN 198628-02-3. 
Claim 10 has been amended. To the extent that this rejection may still apply to the amended 
claim, this rejection is respectfiilly traversed. 



Pieper discloses compoimds having the general structure shown above, in which a 
piperidine is linked via -CH2-CH2- to N4 of the piperazme ring. This "piperidinyl-CH2CH2-" 
group corresponds to the -V-R^ group in the compounds of the invention. Claim 10 has been 




Poliak discloses pyrrolo(2,3-b]pyridine compounds having the general structure 
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amended such that the -V-R^ group does not include an alkylene directly attached to the N4 of 
piperazine. Therefore, the amended claim 10 is patentable over Pieper. Dependent claim 37 
should also be patentable for at least the same reasons. Accordingly, withdrawal of this rejection 
is respectfully requested. 

24. Earl. etaL US 5166147 

Claims 10 and 37 are rejected under U.S.C. 102(b) as bemg anticipated by Earl, et 
al., US 5166147 (hereinafter "Earl") describing RN 146825-54-9. Claim 10 has been amended. 
To the extent that this rejection may still apply to the amended claim, this rejection is 
respectfully traversed. 




Earl discloses compounds having the general structure shown above, in which an 
aryloxy group is linked via -(CH2)5- to N4 of the piperazine ring. This "aryloxy-(CH2)s-" group 
corresponds to the -V-R^ group in the compounds of the invention. Claim 10 has been amended 
such that the -V-R^ group does not uiclude an alkylene directly attached to the N4 of piperazine. 
Therefore, the amended claim 10 is patentable over Earl. Dependent claim 37 should also be 
patentable for at least the same reasons. Accordingly, withdrawal of this rejection is respectfully 
requested. 

25. Stokbroekx et al. 

Claims 10 and 37 are rejected under U.S.C. 102(b) as being anticipated by 
Stokbroekx et al., (hereuiafter "Stokbroekx") US 5106973 describing RN 124436-73-3, RN 
124436-74-4, RN 124437-24-7, and RN 124437-29-2. Claim 10 has been amended. To the 
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extent that this rejection may still apply to the amended claim, this rejection is respectfully 
traversed. 




Stokbroekx discloses compounds having the general structure shown above, in 
which an aryloxy group is linked via -(CH2)r to N4 of the piperazine ring. This "aryloxy- 
(CH2)3-" group corresponds to the -V-R^ group in the compounds of the invention. Claim 10 
has been amended such that the -V-R^ group does not include an alkylene directly attached to 
the N4 of piperazine. Therefore, the amended claim 10 is patentable over Stokbroekx. 
Dependent claim 37 should also be patentable for at least the same reasons. Accordingly, 
withdrawal of this rejection is respectfully requested. 

26. Jartssen. JP 62029575 

Claims 10 and 37 are rejected under U.S.C. 102(b) as being anticipated by 
Janssen, JP 62029575 (hereinafter "Janssen") describing RN 107746-69-0, RN 107746-75-8, and 
RN 107746-96-3. Claim 10 has been amended. To the extent that this rejection may still apply 
to the amended claim, this rejection is respectfully traversed. 




[ i;H2— cii^aiirKi'] 

Janssen discloses compounds having the general structure shown above, m which 
a Ph-CH=CH-CH2- group is linked directly to N4 of the piperazine ring. This "Ph-CH=CH- 
CHi-" group corresponds to the -V-R^ group in the compounds of the invention. Claim 10 has 
been amended such that the -V-R^ group does not include an alkylene directly attached to the N4 
of piperazine. Therefore, the amended claim 10 is patentable over Janssen. Dependent claim 37 
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should also be patentable for at least the same reasons. Accordingly, withdrawal of this rejection 
is respectfully requested. 

27. StokhroekxetaLUS 5157035 

Claims 10 and 37 are rejected under U.S.C. 102(b) as being anticipated by 
Stokbroekx et al., US 5157035 (hereinafter "Stokbroekx") describing RN 100241-15-4. Claim 
10 has been amended. To the extent that this rejection may still apply to the amended claim, this 
rejection is respectfully traversed. 




Stokbroekx discloses compounds having the general structure shown above, in 
which a Ph-(CH2)3- group is linked directly to N4 of the piperazine ring. This "Ph-(CH2)3-" 
group corresponds to the -V-R^ group in the compounds of the invention. Claim 10 has been 
amended such that the -V-R^ group does not include an alkylene directly attached to the N4 of 
piperazine. Therefore, the amended claim 10 is patentable over Stokbroekx. Dependent claim 
37 should also be patentable for at least the same reasons. Accordingly, withdrawal of this 
rejection is respectfully requested. 

28. Bellasioetal. 

Claims 10 and 37 are rejected under U.S.C. 102(b) as being anticipated by 
Bellasio et al., J. Med. Chem. 27:1077-1083, 1984 (hereinafter "Bellasio") describing RN 75841- 
91-7. Claim 10 has been amended. To the extent that this rejection may still apply to the 
amended claim, this rejection is respectfully traversed. 
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Bellasio discloses compounds having the general structure shown above, in which 
an alkyl group is linked directly to N4 of the piperazine ring. This alkyl group corresponds to 
the -V-R'' group in the compounds of the invention. Claim 10 has been amended such that the - 
V-R^ group does not include an alkyl or alkylene directly attached to the N4 of piperazine. 
Therefore, the amended claim 10 is patentable over Bellasio. Dependent claim 37 should also be 
patentable for at least the same reasons. Accordingly, withdrawal of this rejection is respectfully 
requested. 

29. Renter etal 

Claims 10 and 37 are rejected under U.S.C. 102(b) as being anticipated by 
Regnier at al., J. Med. Chem. 15:295-301, 1972 (hereinafter "Regnier") describing RN 36524- 
71-7, RN 365 14-72-8, and RN 36524-73-9. Claim 10 has been amended. To the extent that this 
rejection may still apply to the amended claim, this rejection is respectfully traversed. 



mi 




Regnier discloses compounds having the general structure shown above, in which 
Ph3C-CH2-CH2- group is linked directly to N4 of the piperazine ring. This Ph3C-CH2-CH2- 
group corresponds to the -V-R^ group in the compounds of the invention. Claim 10 has been 
amended such that the -V-R'' group does not include an alkylene directly attached to the N4 of 
piperazine. Therefore, the amended claim 10 is patentable over Regnier. Dependent claim 37 
should also be patentable for at least the same reasons. Accordingly, withdrawal of this rejection 
is respectfully requested. 



33826S 
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30. Herronetal. 

Claims 10 and 37 are rejected under U.S.C. 102(b) as being anticipated by Herron 
et al., WO 2002010154 (hereinafter "Herron") describing RN 395684-35-2 and RN 395685-15- 
1 . Claim 10 has been amended. To the extent that this rejection may still apply to the amended 
claim, this rejection is respectfully traversed. 




Herron discloses compounds having the general structure shown above, in which 
a seven-membered ring homopiperazine is attached to a pyridazine. Claim 10 has been amended 
to exclude a seven-membered ring homopiperazine. Therefore, the amended claim 10 is 
patentable over Herron. Dependent claim 37 should also be patentable for at least the same 
reasons. Accordingly, withdrawal of this rejection is respectfully requested. 

Objected Claims 

Claims 12-14 and 16-35 are objected to as being dependent on a rejected base 
claim. Applicant thanks the Examiner for indicating claims 12-14 and 16-35 contain allowable 
subject matter. For reasons set forth above, Applicant believes the bases claims, from which 
these claims depend, are allowable. Therefore, Applicant respectftilly defers re-writing these 
claims in independent form. 
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Conclusion 

Applicant believes this reply is folly responsive to all outstanding issues and 
places this application in condition for allowance. If this belief is incorrect, or other issues arise, 
the Examiner is encouraged to contact the undersigned or his associates at the telephone number 
listed below. Please apply any charges not covered, or any credits, to Deposit Account 50-0591, 
Reference 17243/004001. 

Dated: March 24, 2008 Respectfully submitted, 

B. -^ ^ -<r/ 

T. Chyau Liang, Ph.D. 
Registration No.: 48,885 
OSHA- LIANG LLP 
1221 McKinney St., Suite 2800 
Houston, Texas 77010 
(713) 228-8600 
(713) 228-8778 (Fax) 
Attorney for Applicant 
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(Table I). Thus, 4 of 6 colorectal tumours 
had evidence of biallelic inactivation of 
MBD4. We did not test for promoter 
hypermethylation in the oAer two 
tumours, as at present we have not isolated 
the promoter region of MBD4. 

The frequency of MBD4 mutations in 
HNPCC tumours associated with a known 
MSHllMLHl germline mutation (6/21, 
28.6%) was similar to that in sporadic 
colorectal tumours lacking MSH2/MLH1 
mutation but displaying loss of MLHl or 
MSH2 expression by immunohistochem- 
istry (5/21, 23.8%; Table 1). This indicates 
that MBD4 is a frequent target of die 
genomic instability in MSI colorectal car- 
cinomas regardless of their hereditary or 
sporadic origin. With regard to its pro- 
posed role in regulating genomic 
stability*, MBD4 alterations may represent 
'mutator's mutations'^ that contribute to 
the progressive unfolding of MSI in these 
tumours, as suggested for MSH3 and 
MSH6 firameshift mutations^. Consistent 
with this, all but two MBD4 mutations 
were detected in moderately or poorly dif- 
ferentiated tumours (Table 1). 

The identification of additional target 
genes of genomic instability should clarify 
the pathogenesis of MSI tumours and pos- 
sibly improve cancer prevention and ther- 
apy''. To determine whether an affected 
gene is a bona fide MSI target, five criteria 
have been proposed''. MBD4 meets four 



of these: (i) MBD4 mutations are firequent; 
(ii) as a DNA repair gene, MBD4 would 
perform a tumour-suppressor function; 
(ii) functional studies in cell lines support 
a role for MBD4 in the maintenance of 
genomic stabCity^; and (iv) MSI tumours 
with MBD4 mutation frequently show 
biallelic inactivation, either by concurrent 
alteration of the other allele's coding 
repeat or by LOH. Overall, these studies 
further illustrate that in a subset of human 
carcinomas a mutational process is set in 
motion that progressively targets DNA 
repair genes and steadily increases gen- 
omic instability. 
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Scdl is expressed in sebaceous glands ^o-SJSt^U^SL'oft 

and is disrupted in the asebia mouse f«i«i°» »»>ii °f ^' 

transcripts containmg an m-frame stop 

codon at the same position in exon 3 arose 

in ab^^ skin due to aberrant splicing. In 

T~he sebaceous gland has an important desaturase 2 {Scd2) as potential candidates contrast to a0, Southern -blot data from 

I role in hair biology'. The asebia («&) for the ab mutation (refs 5-9). ai/ mice showed a larger deletion in Scii J 

mutant mouse has rudunentary sebaceous By northern-blot analysis we detected covering exons 1-4 (Fig. Ic). Scd2-specific 

glands and develops alopecia^''; here we Scd2 expression in wild-type, ab^^ and ab' bands remained unaltered in mutant 

elucidate the genetic basis for this recessive tissues. We did not detect Scdl expression DNA samples (data not shown), 

phenotype. Histopathological studies of in tissues from either aF^ or ab' mice Fluorescent in situ hybridization with a 

at' (ABJ/Le flb'/fly; ref. 3) and recently (Fig. la). By RT-PCR we observed a single 5aii-specific RNA probe showed Scdl 

discovered ab^' (DBA/lL&cJ-ab^'/ab^'; band of the expected size for Scdl in wild- transcripts in the sebaceous gland, but not 

J.P.S., unpublished data) allelic mice indi- type mice. We detected three bands, pos- in the hair follicle or any other cell type in 

cate that the hair shaft in these mice, sibly representing aberrantly spliced wild-type mouse skin (Fig. 2a). Northern- 

which is unable to shed its sheath, grows in transcripts of 687, 738 and 828 bp, in the blot data indicated that Scdl RNA is regu- 

reverse toward the subcutis, leading to ab^' mutant (Fig. Ifr). In contrast, ai^ lated throughout the hair cycle in wild-type 

chronic foreign body inflammatory reac- mice lacked 5cdi-specific bands (Fig. lb), mice: Scdl mRNA levels were very low in 

tions followed by follicle loss and dermal These results suggested normal expression one-day neonatal skin (Fig. 2b) and in sldn 

scarring in adult mutant mice. Recently we of Scd2 in ab mice, but an absence of Scdl containing natural- or induced-cycle'* td- 

reported high- resolution genetic mapping expression in ab' mice and weak, aberrant ogen hair foUides (Fig. 2b,c). Scdl expres- 

of the ab^' mutation*. On the basis of the expression of Scdl in aP' mice, possibly sion increased in skin containing early 

altered profile of skin surface lipids in due to a 5cdi mutation. We sought dirert an^en follicles fi-om both natural (F^. 21?) 

mutant mice and the known genes within evidence for this by sequencing RT-PCR and induced hair cycles (F^ 2c). Scd2 

the 1.6-cM mapped interval, we consid- products as well as various exons ampli- expression also increased (Fig. 2iT,c). 

ered the genes encoding stearoyl-CoA fied from genomic DNA, We observed a Unlike rodents, which exhibit tissue- 

desatuiase 1 (Scdl) and stearoyl-coA deletion of 18 bp encompassing the exon specific and inducible expression of Scdl 
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Fig. 1 Scd expression and Identification of molecular lesions in ab mice, 
a. Northern blots of RNA from skin (S), Ifver (L) and brain (B) probed with 
Scdl- or 5cat2-specific probes or an-18S control ribosomal RNA probe. +/+, wild 
type; -/-, mutant; +/-, heterozygote (wild-type phenotype). b, RT-POi prod- 
ucts from afr', ab" and wild-type tissues. Arrowheads indicate 5cdl- or ScdH- 
speclfit bands, c; Deletion of exons 1^ in sb^ mouse DNA as seen in Southern 
bicts of fiamHI-digested DNA from wild-type and ab' mice and probed with 
Individual exon-spe«lfic probesH prepared by PCR. Only the Scdf-specific 



exon 1 



exon 4 



exon2 



and Scd2, a functional SCD and its 
pseudogene exist in humans". We are 
unaware of a direct parallel between the 
ab mutation and a human disorder, but 
the small sebaceous glands and the asso- 
ciated scarring alopecia of mutant mice 
are reminiscent of some of the clinical 
scarring alopecias'^. 

We conclude that ab' and ab^' mice lack 
Scdl expression because of their genomic 
deletions in Scdl; hence they can serve as 



1.1 fci ,^1 



models for Scdl 
deficiency. Specific 
expression of Scdl 
in wild-type seba- 
ceous glands and the 

cutaneous pathology seen in the mutant 
mouse demonstrate the importance of Scd 
product (monounsaturated fatty acids) to 
normal sebaceous gland function in rela- 
tion to hair. Although the exact mechanism 
is unclear at present, fatty acids are known 



exon 3 



0.9 31 



mediators of signal transduction'^''* and 
have been implicated in acne'^. As these 
mice also suffer firom corneal opacities and 
hypoplastic meibomian glands, the impor- 
tance of Scdl to normal ocular barrier 
function is also worth noting. 



i'telogen 




1 8 15 21 28 35 42 




Fig. 2 Expression of Scd in wild-type skin, a, In situ hybridization using dlgoxigenin-labelled Jcdf -specific 
(5' non-coding) antisense probe or negative control sense probe on sections (10 nm) of frozen wild-type 
mouse skin containing induced anagen'" (day 10 of induced anagen in 8-week-old mice) or telogen folli- 
cles (day 0 in ft-week-old mice). Arrows Indicate sebaceous glands; arrowheads indicate the dark signa I due 
to hair shaft melanin. Small scale bar, SO fun; large scale bar, 100 jsm. b. Northern blots of RNA from natural 
hair cycle dorsal skin of DBATI LacJ mice at the days (age of mice) indicated and probed with Scdr (S' non- 
coding), SnC (3' non-coding) and Gapd (tantrol) probes. Day 8 Is anagen and days 21 and 42 are telogen. 
e. Northern blots of the induced hair cycle using dorsal skin RNA of C57BL/6 mice. Day 1 is early anagen 
and days 0 and 20 are telogen follicle skin. 
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Fine-mapping of an ancestral 
recombination brealcpoint in DCP1 




Genetic analysis is necessary to work showed "that there is a major 
understand the molecular basis of genetic subdivision in the deletion 
the association between polymorphisms clade (HI and H7) in one of the 
of DCPl (encoding the human angio- populations (European-Americans) 
tensin-1 converting enzyme (ACE)), car- that enables a more detailed analy- 
diovascular disease and quantitative sis of common cardiovascular traits 
variation of circulating ACE activity. The associated with this polymor- 
recent sequencing of 24 kb of DCPl in phism" (although data for the pro- 

DNA samples from 6 founders of CEPH posed analysis were not available), a b c 

femilies that originate from France and We have previously reported', in clade 
Utah (along with 6 samples from African work cited by Rieder et al. \ an analy- Ftg. 2 ACE variation and halotypes. Measured haplotype 
Americans) revealed 37 polymorphisms' sis of British DCPl haplotypes based analysis was carried out as described^. Briefly, a modified 
that define 3 common haplotypes (HI, on variants discovered by Villard et w,^' to^c^''' uie^ifj'e^lho' 
H6 and H7) in individuals of European al\ and shown how the haplotypes famines for an'S'ive major gf 
descent. Haplotypes HI and H7 include may be grouped into three clades {A, for the mean effect on ace levels for each hapb^pe ar _ _ 

the Alu deletion allele^ in intron 16. This B and C). Clade A is marked by the ™"ance. The estimated mean ace levels (filled 

, , ,, , , ; blocks) associated with n»rh rIaHp ;4rf^ >:hriiA/ntnrir^i-hnruri<i>h 

Alu inserUon allele and clades 

polymorphism ™' B and C by the Ab deletion 

(Rieder eta/.') (Villard e( a/.') A-1 A-2 8 CI C-Z ^^^^^ ^^^^ *S 'deletion 

^ _ clade' may be subdivided). 

Moreover, we proposed that clade and B are associated with low and high 
C was created following an ances- circulating ACE levels, respectively, and 
tral recombination event between the ACE level associated with the recom- 
members of clades A and B. We binant clade C is similar to that associated 
have used the new polymorphism with clade B (and statistically indistin- 
data generated by Rieder rt flL= to guishable in our families; Fig. 2). The 
refine the location of the putative refined mapping of the ancestral break- 
ancestral breakpoint by genotyping point reported here allows us to exclude a 
key individuals from our data sets, further 3.9 kb of DCPl including exons 
The results (Fig. I ) , combined with 1 -5, introns 1 -4 and part of intron 5 from 
our previous data, indicate that the harbouring the major ACE-linked quanti- 
ancestra! breakpoint maps down- tative variant. This demonstrates the rele- 
stream of the 6435 polymorphism, vance of the newly discovered variants for 
Clades A and C may be subdivided the analysis of a common trait associated 
on the basis of the 7831 and 8128 with the I/D polymorphism. To further 
polymorphisms, which obviates a refine the localization of the major ACE 
more precise localization of the quantitative variant, DCPl haplotypes 
breakpoint with the current data. should be determined in other popula- 
We have previously shown in a tions with different recent evolutionary 

""^fl measured haplotype an- histories to search for additional ances- 

tion. The ahemative labelling scheme proposed by Viilard et alysis^ that the major DCPJ -linked tral breakpoints, 
a/.*lsshownfor«)mparison.Resultsareshownfrom 12indl- ACE quantitadve trait locus is 

vidualshomojygousforilades A, B ore selected from British i„„-.„?j r .i. ^- , ..i _ 

families that have been previousJy genotyped for 10 DCPl lo^t^d downstream of the ances- Martin Farrair, Bernard Keavneyi, 

a/.' polymorphisms vrere tral breakpoint, effectively exclud- Colin McKenzle^, Marc Del£pine^ 

ing the DCPJ promoter. Qades A Fumlhiko Matsuda^ & G. Mark Lathrop^ 



T-3892C 
A-240T 
T-93C 



A A 

T r 

A A 

G G 



13336 
1333S 
14094 
14521 
15214 
18222 



23945 4656(CT)m 

Fig. 1 Extended haplotypes for clades A, B and C. Polymor- 
phisms are labelled followring the scheme proposed by 
Rteder et a/.' based on their relative genomic sequs 
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A lipogenic diet in mice with a disruption of tine 
stearoyl-CoA desaturase 1 gene reveals a stringent 
requirement of endogenous monounsaturated fatty 
acids for triglyceride synthesis 

Makoto MiyazaM,* Young-dheulKim,'*' and James M. Ntainbi''*'t 

Department of Biochemistry* and Department of Nutritional Sciences,'' University of Wisconsin, 
433 Babcock Drive, Madison, WI 53706 



Abstract Stearoyl-CoA desaturase (SCD) catalyzes the de 
novo biosynthesis of oleate and palmitoleate, which are the 
major fatty adds foimd in triglycerides, cholesteryl esters, 
and phospholipids. A high carbohydrate (lipogenic) diet in- 
duces lipogenic gene expression by sterol regulatory ele- 
ment binding protein 1 (SREBP-lc)-mediated gene transcrip- 
tion, leading to an increase in the synthesis of triglycerides. 
The lipogenic diet fed to mice with a null mutation in the 
SCD I gene (SCD-/-) fails to induce the synthesis of tri- 
glycerides in liver, despite the induction of expression of 
SREBP-1 and its target genes, fatty add synthase and glycerol- 
3-phosphate acyltransferase. The lipogenic diet led to a de- 
crease in the levels of triglyceride, but an increase in the 
level of cholesteryl esters of saturated fatty acids. Feeding a 
lipogenic diet supplemented with high levels of oleate to 
the SCD—/— mice resulted in incorporation of oleate in 
the liver of SCD—/— mice, but failed to restore triglycer- 
ides to the levels in the normal mouse. Triglyceride synthe- 
sis, as measured by the incorporation of pH] glycerol, was 
dramatically reduced in the liver of SCD—/— mouse fed a 
lipogenic diet compared with the normal mouse. BO These 
observations demonstrate that induction of triglyceride syn- 
thesis is highly dependent on SCDl gene expression. — 
Miyazaki, M., Y-C. Kim, and J. M. Ntambi. A lipogenic diet in 
mice with a disruption of the stearoyl-CoA desaturase 1 
gene reveals a stringent requirement of endogenous mono- 
unsaturated fatty adds for triglyceride synthesis./. Lipid 
Res. 2001. 42: 1018-1024. 

Supplementary key -words triglycerides * cholesteryl esters • gene ex- 
pression • SREBP 



Stearoyl-CoA desaturase (SCD) is a key enzyme involved 
in the biosynthesis of unsaturated fatty acids, as well as the 
regulation of this process. It catalyzes the A^-desaturation 
of long-chain fatty acids, leading to biosynthesis of palmi- 
toleic (C16:l) and oleic (C18:l) acids as major products 
(1). Palmitoleic and oleic acids are the major monounsat- 
urated fatty acids of triglycerides, cholesteryl esters, and 



membrane phospholipids. When fasted animals are subse- 
quently fed a high carbohydrate (lipogenic) diet, there is 
a dramatic increase in the levels of SCD and several other 
enzymes involved in fatty acid and triglyceride synthesis 
such as acetyl-CoA carboxylase, fatty acid synthase (FAS), 
and glycerol-3-phosphate acyltransferase (GPAT) (2-3). 
The coordinate induction of these enzymes is due to in- 
creased sterol reguiatoiy element binding protein 1 (SREBP- 
1 )-stimulated gene transcription (4-8). The induction of 
lipogenic gene transcription is followed by a prompt in- 
crease in fatty acids and triglycerides to the levels above 
those observed in animals fed normally (2). The majority 
of the excess triglycerides are incorporated and secreted 
by the liver as VLDL-TG for transport to other tissues (9). 
A high level of VLDl/TG in plasma is a risk factor for car- 
diovascular disease (10) and, therefore, identifying a con- 
trol point ui the pathway of triglyceride biosynthesis can 
be a selective target for treating the condition. 

Several isoforms of SCD exist in the mouse genome. 
SCDl and SCD2, which are products of different genes, are 
the most well characterized (3, 11, 12). Most organs of dif- 
ferent mouse strains express SCDl and SCD2 with the ex- 
ception of liver, which expresses mainly die SCDl isoform. 
SCD2 is constitutively expressed in die brain (11), and is ex- 
pressed at high levels in livers of mice that overexpress the 
truncated nuclear form of SREBP-la (7) . SCD3 is expressed 
mainly in the skin (12). Several in vivo studies have shown 
that SCDl gene expression is highly regulated by dietary 
changes, hormonal factors, developmental processes, and 
peroxisomal proliferators (12), implicating the role of SCD 
in several physiological processes. 



Abbreviations: FAS, fatty acid synthase; GPAT, glyceroI-3-phosphate 
acyltransferase; SCD, stearoyl-CoA desaturase; SREBP-l, sterol regula- 
tory element binding protein 1. 

' To whom correspondence should be addressed 
e-mail: ntambi@biochem.wisc.edu 
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Recent studies using the asebia i.^atant mouse model 
have begun to address the role of SCDl gene expression 
and its products, the monounsaturated fatty adds, in phys- 
iological processes (13-15). The asebia mouse mutation 
(ab), an autosomal recessive trait characterized by hypo- 
plastic sebaceous glands, arose more than 30 years ago in 
a colony of BALB/c Crg/Ga mice (15, 16). A similar mu- 
tation, designated abi, arose spontaneously in the BALE/ 
cj inbred strain at tlie Jackson Laboratory (Bar Harbor, 
ME), and was found to be allelic to asebia (16, 17). Using 
positional and high resolution genetic mapping, the abi 
mutation was localized to chromosome 19 and has re- 
cendy been determined to be in the SCDl gene (14). Fur- 
ther characterization of the asebia mice showed that they 
express die SCD2 mRNA isoform in various tissues, but 
lack the SCDl gene fiincdon (13, 14). In addition to the 
presence of hypoplastic sebaceous glands, die asebia mice 
appear hairless with a short sparse hair coat and dry scaly 
skin (14). The mice also suffer from corneal opacities and 
hypoplastic meibomian glands, implicating the SCDl in 
normal ocular barrier function. In addition, we recently 
showed that the livers of asebia mice are deficient in he- 
patic triglycerides and cholesteryl esters (13), suggesting 
that the SCDl gene plays an important role in cholesterol 
and lipoprotein metabolism. The mechanisms leading to 
these various phenotypes are not yet known, but are pos- 
tulated to involve deficiencies in the de novo biosynthesis 
of sufficient monounsaturated fatty acids, mainly oleate 
and palmitoleate, that serve as the major substrates for the 
biosynthesis of neutral lipids. 

In the present study, we fed a lipogenic diet to mice, 
and examined tlie role of SCDl gene expression in the 
induction of de novo synthesis of hepatic triglycerides. 
Normally, a lipogenic diet induces SCDl gene expression 
and other lipogenic genes, resulting in increased levels of 
monounsaturated fetty acids and triglycerides in liver. 
This feeding regimen allowed us to analyze the fate of en- 
dogenously synthesized monounsaturated fatty adds with- 
out interference from exogenous sources. We showed 
that a lipogenic diet failed to induce triglyceride synthesis 
in a SCD-/— mouse, despite the induction of expression 
of SREBP-1 and two of its target genes, FAS and GPAT. 
Feeding a lipogenic diet supplemented with high levels of 
triolein to the SCD-/- mice resulted in incorporation 
of oleate into the liver of SCD-/— mice, but failed to re- 
store triglycerides to the levels found in the normal 
mouse. Further, the rate of triglyceride synthesis, as mea- 
sured by the incorporation of [^H] glycerol, was dramati- 
cally reduced in the livers of SCD-/- mice. Taken to- 
gether, our results show that the expression of SCDl is 
important for die de novo synthesis of monounsaturated 
fatty acids that act as the main substrates for the dietary 
induction of triglyceride biosynthesis in liver. Because 
triglycerides are a major source of stored energy, and 
most of the hepatic triglycerides are secreted in the form 
of VLDL for transport to other tissues, the dietary regula- 
tion of SCD gene expression may play a larger role in en- 
ergy and lipoprotein metabolism than was previously 
thought. 



MATEi-^ AND METHODS 

Animals and diets 

Asebia homozygous (SCD-/-) and heterozygous (SCD+/-) 
mice, originally obtained from the Jackson Laboratory (Bar 
Harbor, ME), were reared and housed in a pathogen-free ani- 
mal facility of the department of Biochemistry of the University 
of Wisconsin-Madison, operating at a 12-h light/12-h dark cycle. 
Tlie breeding of the animals was in accordance with the proto- 
cols approved by the Animal Care Research Committee of the 
University of Wisconsin-Madison. In this study, the heterozy- 
gous mice ai-e considered to have the normal phenotype (13, 
14). At 16 weeks of age, the mice were fed, ad libitum for 2 days 
either chow diet (5008 test diet; PMI Nutrition International 
Inc., Richmond. IN), high carbohydrate diet (TD 99252, Harian 
Teklad, Madison WI), or high carbohydrate diet supplemented 
with triolein {50% of total fat) . The high carbohydrate diet con- 
tained, by weight, 21% casein, 14% maltodextrin, 55% sucrose, 
5% cellulose, 3% mineral mix (AIN-93G-MX) , and 1% vitamin 
mix (AIN-93-VX). 

Materials 

Radioactive ;-'-P]dCTP {3,000 Ci/mmol) was obtained 
from DuPont Co. (Wilmington, DE). TLC plates (TLC Silica 
Gel G60) were from Merck (Darmstadt, Germany). [1,2,3-''H]- 
glycerol was obtained from American Radiolabeled Chemicals 
Inc. (St, Louis, MO). The cDNA probes for FAS and GPAT 
were obtained from Dr. H. Sul, University of California, 
Berkeley, All other chemicals were purchased from Sigma (St. 
Louis, MO). 

Lipid analysis 

Total lipids were extracted from liver according to the 
method of Bligh and Dyer (18), and were separated by silca gel 
TLC using petroleum ether-diethyl ether-acetic acid (80:30:1) 
as the developing solvent. The lipids were visualized by cupric 
sulfate in 8% phosphoric acid. The lipids were scraped, meth- 
ylated, and analyzed by gas-liquid chromatography as previously 
described (13). Triheptadecanoylglcerol, heptadecanoyi choles- 
terol, and 1,2-dihepatadecanoyl-L-a-phosphatidyIcholine (Sigma) 
were added prior to lipid extraction as internal standards for the 
quantitation of triglycerides, cholesteryl esters, and phospholipids, 
respectively. 

Isolation and analysis of RNA 

Total RNA was isolated from livers using the acid guanidin- 
ium-pheno!-ch!oroform extraction method (19). Twenty micro- 
grams of total RNA were separated by 1.0% agarosc/2.2 M form- 
aldehyde gel electrophoresis, and transferred onto nylon 
membrane. The membrane was hybridized with '*P-labeled FAS 
(2), GPAT (20), SREBP-Ic (21), and SCDl cDNA probes (3). 
pALIS cDNA probe (19) was used as a control for equal loading 
of RNA 

In vivo assay for triglyceride synthesis usmg [^Hjg^ycerol 

[I,2,3-3H]giycerol ivas dissolved in 0.9% NaCl at a concen- 
tration of: 50 (iCi/0.15 ml. Mice that had been fed high carbohy^ 
dratc diet or chow diet were injected intraperitoneally with 50 
M-Ci of [^H]glycerol 15 min before being sacrificed (22). He- 
patic lipids were extracted using Bligh and Dyer's method and 
separated by TLC using hexane-edier-aceric add (90:30:1, v/v) 
as developing solvent. Each lipid extract was scraped off the 
plate, and the radioactivity was measured using a liquid scintilla- 
tion counter. 



Miyazaki, Kim, andNtambi Stearoyl-GoA desaturase gene expression and triglyceride synthesis 1019 



+/- +/- 

C CHO C CHO 



^^^^ IB 

FAS ■ m 

GPAT mm-^m 




Fig. 1. Northern blotanalysis for the expression of SCDl, SREBP-1, 
FAS, and GPAT mRNA from livers of SCDl -/- and heterozygous 
(+/-) mice fed a chow (C) or lipogeriic diet (GIIO). Total RNA 
(20 (jLg) pooled from four mice of each group was subjected to 
Northern analysis followed by hybridization with labeled probes 
specific for SCDl, SREBP-1, FAS, and GPAT. A cDNA probe for 
pAL15 (19) was used to confirm equal loading of RNA. 



RESULTS 

Figure 1 shows a Northern blot of total KNA isolated from 
tlie livers of SCD-/- and SCD+/- mice diat were fed a 
chow diet or a lipogenic diet for 2 days and analyzed the ex- 
pression of SCDl, SREBP-1, FAS, and GPAT mRNAs. There 
were no noticeable alterations in food intake between the 
SCD-/- and the wild-type controls. The expression of 
these genes is induced by a lipogenic diet, resulting in in- 
creased levels of fetty acids and triglycerides (2-4). As 
shown previously (13), the SCDl mRNA is not detectable in 
liver of SCDl-/- mice, whereas SCD+/- mice that are 



phenotypically indisti..pjishable from normal mice (14) ex- 
press the 4.Wcb SCDl mRNA, The SREBP-1, FAS, and GPAT 
mRNA were detectable in SCD-/- and SCD+/- animals 
on a chow diet. Upon feeding with a lipogenic diet, the 
SCDl mRNA expression was induced 12-fold only in the 
SCD-!-/- mouse, whereas the SREBP-1, FAS. and GPAT 
mRNAs were induced 9.5-, 22-, and 6.5-fold, respectively, in 
both the SCD-/- and SCD-I-/- mouse. pAL 15 mRNA ex- 
pression used as a loading control did not cheinge in both 
groups of animals on either chow diet or lipogenic diet 

Figure 2 shows TLC analysis of lipids extracted from liver 
of SCD-/- and SCD-1-/- mice fed a chow diet or a lipo- 
genic diet The ie\'els of cholesteryl esters and triglycerides 
of SCD-/- mice on a chow diet were lower than those of 
SCD-I-/- mice, consistent with our previous results (13). 
When the mice were fed a lipogenic diet, there was a 
marked increase in triglyceride levels in livers of SCD +/- 
mice, whereas SCD—/— mice showed a marked reduction 
in the triglyceride levels. The cholesteryl ester fraction was 
increased in both SCD+/™ and SCD-/- mice. Table 1 
shows that the triglyceride content in liver of SCD-H/ — 
mice increased by 2.3-foid, whereas the triglyceride content 
in the SCDl—/— mice decreased by 59% compared with 
the animals on a chow diet. The cholesteryl ester fraction 
was increased by 4.1- and 5.0-fold, respectively, in the livers 
of the SCD-!-/- and SCD-/- mice. 

Table 2 shows the relative percentage compositions of 
the major fatty acids measured in the total lipid fraction, 
as well as in the triglyceride, cholesteryl ester, and phos- 
pholipid fractions of livers of SCD-I-/— and SCD-/ — 
mice fed a lipogenic or chow diet. In the total lipid frac- 
tion, the SCDl -I-/— livers from mice fed a lipogenic diet 
compared with a chow diet had a 54% increase in the rela- 
tive amount of 16:1, and a 45% increase in 18:1. In the tri- 



# 9 # # : IP ^ Cholesteryl ester 



PlfllB^^^^ - -n-iglyceride 



Genotype +f- -I- +/- -/- M 

Diet Chow Chow CHO CHO 

Fig. 2. TLGoflipidextractsfromliversofSCDl-/-andheterozygous (SCD+/-) mice fed chow or lipo- 
genic diet for 2 days. Total lipids were extracted from livers of heterozygous and SCDl -/- mice. Lipid ex- 
tracts were pooled and analyzed by TLC. Equivalent amounts of lipid extract iSiom 2.5 mg of tissue homoge- 
nate) were loaded in each lane. Each lane represents lipids bam livers of three mice. 
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TABLE]. Phenolypic difFerences in neu. . lipid content, beoveen 
SCD-/- and SCD+/- mice 





Qiow Diet 




CHO Diet 




Lipids 






+/ 






-/- 
















Triglycerides 


6.0 ± 0.2 


3.6 ± 


0.7" 13.5 ± 


1.3* 


1.5 


± 0.3'-'' 


Cholesteiyl esters 


1.1 ± 0.0 


0.4 ± 


0.1<= 4.5 ± 


0.5* 


2.0 


± 0.4'.'' 


Phospholipids 


22.5 ± 0.9 


23.3 ± 


0.5 19.8 ± 


0.4 


22.9 


± 1.1 



Values are means ± SD (n = 4). Female mice were fed chow diet 
and lipogenic (CHO) diet for 2 days. Liver triglycerides, cholesteryl es- 
ters, and phospholipids were measured as described under Materials 
and Methods. 



"P < 0.01 between chow diet-fed SCD+/- and chow diet-fed 

SCD-/- mice. 

''P < 0.01 between chow diet-fed SCD+/- and CHO diei-fed 

SCD-)-/- mice. 

'P < 0.01 bettveen chow diet-fed SCD-/- and CHO diet-fed 
SCD-/- mice. 

"P < 0.01 between CHO diet-fed SCD-f-/- and CHO diet-fed 
SCD-/- mice. 

glyceride fraction, the relative amount of 16:1 increased 
by 42%, whereas that of 18:1 increased by 26%. In the 
liver choiesteryl ester fraction, the relative amount of 16;1 
and 18:1 increased by 28% and 15%, respectively. The 
phospholipid fraction showed a 44% and 38% increase, 
respectively, in 16:1 and 18:1. In tlie total lipid fraction, 
the SCDl — /— livers from mice fed a lipogenic diet com- 
pared with the SCD+/- mice had a 100% decrease in. the 
relative amount of 16:1 and a 63% decrease in 18:1. In the 
hepatic triglyceride fraction, the relative amount of 16:1 
decreased by 76%, whereas that of 18:1 decreased by 70%, 
The liver choiesteryl ester fraction of SCDl-/- mice 
showed a 67% decrease of 16:1 and a 69% decrease of 
18:1, whereas the phospholipid fraction showed a 78% de- 
crease in 16:1 and a 55% decrease in 18:1. 

Figure 3 shows the content (mg/g of liver) of the mono- 
unsaturated and saturated fatty acids measured in the tri- 
glyceride, choiesteryl ester, and phospholipid flections in the 
livers of SCD + / — and SCD — / — mice fed a lipogenic diet or 
chow diet. In the triglyceride fraction of the SCD+/— 
mouse on a lipogenic diet, the amount of monounsaturated 
fetty acids increased by 3,1-fold, whereas that of saturated 
fiitty acids increased by 1.9-fbld when compared with the 
chow diet. The liver of SCD—/— mice showed a 97% reduc- 
tion in the monounsaturated fatty adds compared with the 
SCD+/- mice. The triglyceride fraction of the SCDl-/- 
mice showed a 36% decrease in the contents of saturated 
fatty acids (16:0 and 18:0) compared with the liver of animals 
on a chow diet The choiesteryl ester fraction showed a 
greater than 8.2-fold increase in the content of saturated 
fatty acids in botii the SCD-/- and SCD-f/- mice. These 
data indicate that the increased levels of choiesteryl ester ol> 
served in the SCD—/ — mouse in response to a lipogenic diet 
(Fig. 2, Table 1) is most lilcely due to incorporation of satu- 
rated fatty adds, mainly 18:0 and 16:0, in this fraction. The 
phospholipid fraction also incorporated saturated fatty acids, 
but to a lesser extent than the choiesteryl ester fraction. Be- 
cause very low levels of saturated fatty adds were incorpo- 
rated in the triglyceride fraction, the results would suggest 



TABLE 2. Fatty aciv . mposition of livers from SCD+/- and 
SCD—/- mice fed lipogenic diet or chow diet 
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Liver lipids from indi\idual mice of each group were extracted, 
and major classes of lipids were separated on TLC. The lipid fractions 
were methyl-esterified and quantified by gas-liquid chromatography as 
described under Materials and Methods. Standard errors of the mean 
were all less than 20% of the mean and are omitted for clarity. 

">* < 0.01 between chow diet-fed SCD+/- and chow diet-fed 
SCD-/- mice. 

''P < 0.01 between chow diet-fed SCD -I-/- and CHO diet-fed 
SCD-H/- mice. 

'P < 0.01 between chow diet-fed SCD-/- and CHO diet-fed 
SCD-/- mice. 

that die triglycerides synthesized in response to lipogenic 
diet contain mainly monounsattirated fetty adds. 

To determine whether dietary oleate could substitute for 
tlie endogenously synthesized oleate and restore the he- 
patic triglycerides of the SCD-/- mice to the levels ob- 
served in the heterozygous mice, we supplemented the li- 
pogenic diets with high levels of 18:1 (50% of total fat) as 
triolein, and fed it to the mice for 2 days. There were no no- 
ticeable alterations in food intake between the SCD-/- 
and the wild-type controls. Total liver extracts were pre- 
pared, and the lipid fractions were analyzed by TLC. The 
fatty acid composition of the liver was analyzed by gas-liquid 
chromatography. Table 3 shows that feeding diets supple- 
mented with triolein to the SCD-/- mice resulted in an 
increase in the levels of 18:1 in the liver. However, as 
shown (Rg. 4), there was no recovery in the levels of tri- 
glycerides in the SCD-/- mice to the levels observed in 
the SCD+/— mice fed a lipogenic diet or even to the levels 
of the SCD-/- mice fed a chow diet. This observation 
suggests that tiie increase in the levels of triglycerides in 
liver in response to a lipogenic diet is largely dependent 
on the presence of endogenously synthesized oleate. 
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TABLE 3. f. jcid composition of livers from 
high oleate diet-fed SCD-/- mice 



Genotype of Mice 



Fig. 3. The contents of saturated and monounsaturated fatty 
acids in triglyceride, cholestei7l ester, and phosholipid fractions of 
SCD-/- and SCD+/- mice fed a chow diet or a Kpogenic diet Tri- 
heptadecanoylglycerol, heptadecanoyl cholesteryl, and 1,2-dihepata- 
decanoyl-L-a-phosphatidylcholine were added prior to lipid extrac- 
tion as internal standards for the quantitation of triglycerides, 
cholesteryl esters, and phospholipids, respectively. Lipid extracts 
were pooled and analyzed by TLC, methyl esterified, and quanti- 
tated by gas-liquid chromatography. 



To establish that the low levels of triglycerides in the 
SCD-/— mice are due to lower triglyceride synthesis rates, 
we used [^H]glycerol as a precursor of lipid synthesis to di- 
rectly measure newly synthesized triglyceride in livers of 
SCD+/- and SCD-/- mice fed a lipogenic diet. Figure 5 
shows that the triglyceride synthetic rate was 7-fold higher 
in the liver of the heterozygous mice, but only 1.25-fold in 
the liver of the SCD-/- mice. This figure also shows that 
although triglyceride synthesis was reduced, that of the 
phospholipid fraction was increased in both the SCD— /- 
and SCD+/- mice. 



DISCUSSION 

It is well known that feeding a lipogenic diet to rodents 
induces SCDl gene expression and several other lipo- 
genic genes, leading to higli levels of monounsaturated 
fetty acids and triglycerides (2-4) . This feeding regimen 
allows for the analysis of the fate of de novo synthesized 
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Liver lipids from individual mice of each group were extracted, 
and major classes of lipids were separated on TLC. The lipid fractions 
were methyS-esterified and quantified by gas-liquid chromatography as 
described under Materials and Methods. Stanclard errors of the mean 
were all less than 15% of the mean and are omitted for clarity. 

"P < 0.01 between chow diet-fed SCD-/- and high oleate 
(CHO-l-lS:l) diet-fed SCD-/- mice. 

''P< 0.01 between CHO diet-fed SCD-/- and CHO+lSil diet- 
fed SCD-/- mice. 



iatty acids without interference from exogenous sources. 
Using this feeding regimen, we showed that a lipogenic 
diet fails to induce triglyceride synthesis in SCD— / — 
mice, despite the induction of expression of SREBP-1, as 
well as two of its target genes, FAS and GPAT, involved in 
saturated fatty acid and triglyceride synthesis, respectively. 
The triglyceride levels, instead, were decreased. We have 
established that the lower hepatic triglyceride levels are 
due to a lower rate of triglyceride synthesis in the mutant 
mice. Because the SCD+/- and the SCD-/- mice con- 
sumed equivalent amounts of food, the decrease in the tri- 
glyceride levels in the mutant mouse could be due to in- 
creased p-oxidation. We also demonstrated that dietary 
monounsaturated fatty acids could not substitute for the 
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Triglyceride 
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Fig. 4. TLC of lipid extracts from livers of SCD-/- mice fed 
high oleate (CHO -1-18:1) diet for 2 days. Total lipids were ex- 
tracted from livers of SCD—/— mice. Lipid extracts were pooled 
and analyzed by TLC as described in Materials and Methods. 
Equivalent amounts of lipid extract (from 2.5 mg of tissue homo- 
genate) were loaded in each lane. Each lane represents lipids from 
liver of one mouse. 
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Fig. 5. The rate of glycerolipid synthesis in liver. Mice fed cJiow 
diet or iipogenic diet for 2 days were intraperitoneally injected with 
50 [xCi of [*H]giycerol 15 min before being sacrificed. After extrac- 
tion of hepatic lipids, phospholipids and triglycerides were sepa- 
rated, and the radioactivity was determined. Data are expressed as a 
percentage of the values of chow diet-fed heterozygous mice. 

ones endogenously synthesized by SCD as substrates for 
adequate triglyceride synthesis in liver. 

The consequences of regulating the SCDl gene expres- 
sion by diet may be relevant to lipoprotein metabolism. 
The majority of de novo synthesis of fatty acids in liver is 
directed toward triglyceride synthesis and secretion (7). 
The deficiency in triglyceride levels that we observed 
could have been due to increased synthesis or secretion of 
VLDL-TG. However, the lipoprotein profile previously 
performed on plasma of the SCD—/— showed that these 
mice have very low levels of triglycerides in the VLDL, 
LDL, and HDL lipoprotein fractions (13), The current re- 
sults, therefore, suggest tliat in the absence of cellular 
raonounsaturated fatty acids due to SCDl deficiency, the 
levels of hepatic triglycerides are reduced, leading to 
lower levels of plasma VLDL-TG. 

The use of a Iipogenic diet supplemented with high lev- 
els of triolein enabled us to test the possibility that the liver 
could utilize dietary monounsaturated fetty acids instead of 
those generated in vivo by SCD for de novo synthesis of tri- 
glycerides. Dietary oleate or palmitoleate from the small in- 
testine would reach the liver mainly as glycerol esters of 
chylomicron remnants. The triglycerides are then cleaved 
into free glycerol and free oleate and palmitoleate in the ly- 
sosomes. Because the SCD-/— mice possess normal activ- 
ity of GPAT (13), this enzyme would then use the freed ole- 
ate and palmitoleate as substrates for triglyceride synthesis. 
We found that feeding a Iipogenic diet rich in monounsat- 
urated fatty acids did not correct the deficiency in triglycer- 
ide levels in the SCD-/- mice, despite an increase in the 
levels of 16:1 and 18:1 in the liver. This observation sug- 
gests that although the monounsaturated fatty acids reach 
the liver, they do not necessarily become fatty acyl-CoA 
substrates at the site of de novo synthesis of liver triglycer- 
ides. It is possible that dietary monounsaturated fatty acids 
and those synthesized endogenously constitute different 
pools and end up in different environments of the endo- 
plasmic reticulum or cellular compartments where they 



may be utilized for a.„<;rent purposes. A possible physio- 
logical explanation for the requirement of dietary induc- 
tion of SQD expression is to produce more readily accessi- 
ble substrates within the vicinity of GPAT to aid in the 
efficient esterification of glycerol 3-phosphate for triglyc- 
eride synthesis. 

Feeding a Iipogenic diet to the SCD—/— mice led to 
further accumulation of saturated fatty acids in liver. We 
found that the saturated fatty acids made endogenously 
were incorporated into the cholesteryl ester and, to a 
lesser extent, in the phospholipid fraction, resulting in an 
increase in the levels of these lipids in liver of both the 
SCD—/— and SCD-I-/— mice. However, the saturated 
fatty acids failed to elevate the levels of the triglyceride 
fraction in the SCD-/- mice. This observation thus sug- 
gests that tlie endogenously synthesized oleate or palmi- 
toleate, which arise from SCD activity in the endoplasmic 
reticulum, are critical substrates for the synthesis of tri- 
glycerides by GPAT, The results also indicate a more strin- 
gent requirement of monounsaturated fatty acids as sub- 
strates of diacylglycerol acyltransferase than AGAT, The 
diacylglycerol acyltransferase step may be important in 
selecting monounsaturated fatty acids over saturated fatty 
acids, providing a mechanism to funnel saturated fatty acids 
into metabolic pools. 

The mouse and rat genomes contain several SCD genes, 
two of which (SCDl and SCD2) are well characterized (3, 
11). These two genes, which are products of two separate 
genes, are highly homologous at both the nucleotide and 
amino acid sequence levels, but exhibit divergent dssue- 
specific expression. Most organs of different mouse strains 
express SCDl and SCD2, with the excepdon of liver, 
which expresses mainly the SCDl isoform. In liver, a Iipo- 
genic diet and insulin induce SCDl gene expression, but 
SCD2 is silent under both conditions (3, 23). The insulin 
induction of SCDl gene expression is thought to be medi- 
ated by the truncated nuclear form of the SREBP-lc. Liver 
SCD2 becomes expressed at higher levels only in livers of 
mice that overexpress SREBP-1 (7) . Thus, the transcription 
of both SCDl and SCD2 can be regulated by SREBP-1 c. We 
have shown previously that SCD2 mRNA is present in the 
SCD-/- mice (13), and although expressed at low levels, 
would be expected to be induced by SREBP-l-mediated 
gene transcription. However, despite the inducdon of 
SREBP-1 by a Iipogenic diet and the expression of SCD2 
in liver of the BCD-/— mice, the levels of triglycerides re- 
mained low, suggesting that SCD2 could not compensate 
for the SCDl deficiency These results point to SCDl gene 
expression as a key control point in the induction of tri- 
glyceride synthesis in liver. 

In conclusion, the present work demonstrates that di- 
etary induction of triglyceride synthesis in mouse liver is 
highly dependent on the expression of the SCDl gene. 
SCD2 cannot compensate for the deficiency. We propose 
that the synthesis of triglycerides requires endogenously 
synthesized monounsaturated fatty acids by SCDl as critical 
substrates. Dietary monounsaturated fatty acids can get into 
the liver, but cannot be utilized to synthesize enough tri- 
glycerides. Because most of the hepatic triglycerides are 
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packaged and incorporated into VLDjutI'G and transported 
to tissues such as adipose tissue for storage, the induction of 
SC3D1 gene expression can have a wide range of effects on 
lipoprotein metabolism in normal and disease states. For 
instance, high SCD activity has been correlated with high 
levels of triglycerides in plasma (24). Hypertriglyceridemia 
is a risk factor for cardiovascular disease, and high SCD ex- 
pression may be a major cause of this condition in humans. 
Thus, the regulation of SCD may have broad implications 
for its potential use as a target in the treatment of human 
hypertriglyceridemia, fifl 
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Stearoyl-CoA desaturase (SCD) is a microsomal en- 
zyme required for the biosynthesis of oleate and palmi- 
toleate, which are the m^or monotinsaturated fatty ac- 
ids of membrane phospholipids, triglycerides, and 
cholesterol esters. Two well characterized isoforms of 
SCD, SCDl and SCD2, exist in the mouse. Most mouse 
tissues express SCDl and 2 with the exception of the 
liver, which expresses mainly the SCDl isoform. We 
found that asebia mice homozygous for a natural muta- 
tion of the gen© for SCDl (SCD-/-) are deficient in 
hepatic cholesterol esters and triglycerides despite the 
presence of normal activities of acyI-CoA:chole8teroI 
acyltransferase and glycerol phosphate acyltransferase, 
the enzymes responsible for cholesterol ester and tri- 
glyceride synthesis, respectively, in the liver of these 
mice. Feeding diets supplemented with triolein or tri- 
palmitolein to the SCD-/— mice resulted in an increase 
in the levels of 16:1 and 18:1 in the liver but failed to 
restore the 18:1 and 16:1 levels of the cholesterol ester 
and triglycerides to the levels found in normal mice. The 
SCD—/— mouse had very low levels of triglycerides in 
the VUDL and LDL lipoprotein fractions compared with 
the normal animal. Transient transfection of an SCDl 
expression vector into Chinese hamster ovary cells re- 
sulted in increased SCD activity and esterification of 
cholesterol to cholesterol esters. Taken together, our 
observations demonstrate that the oleoyl-CoA and 
pahoitoleyl-CoA produced by SCDl are necessary to 
synthesize enough cholesterol esters and triglycerides 
in the liver and suggest that regulation of SCDl activity 
plays an important role in mechanisms of cellular cho- 
lesterol homeostasis. 



Stearoyl-CoA desaturase (SCD)* is a microsomal fatty acid 
modifying enzyme that catalyzes the introduction of the first 
double bond between carbons 9 and 10 of saturated fatty acyl- 
CoA substrates resulting in the production of monounsaturated 
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fatty acids. The preferred substrates for SCD are palmitoyl- 
and stearoyl-CoA, which are converted to palmitoleoyl- and 
oleoyl-CoA, respectively (1). Overall, SCD expression affects 
the fatty acid composition of membrane phospholipids, triglyc- 
erides, and cholesterol esters. Effects on composition of phos- 
pholipids ultimately determine membrane fluidity, whereas 
the effects on the composition of cholesterol eaters and triglyc- 
erides can affect lipoprotein metabolism and adiposity. Thus 
the regulation of SCD is of considerable physiological impor- 
tance, and high SCD activity has been impUcated in a wide 
range of disorders including diabetes, atherosclerosis, cancer, 
and obesity (2). 

Two mouse isoforms of SCD, SCDl and SCD2, which are 
products of different genes are currently known and are well 
characterized (2-4). Most organs of different mouse strains 
express SCDl and 2 with the exception of liver, which ex- 
presses mainly the SCDl isoform. SCD2 is expressed at higher 
levels in livers of mice overexpressing the truncated nuclear 
form of the sterol regulatory element-binding protein-la (5). 
Several studies have shown that the SCDl gene expression is 
highly regulated by dietary changes, hormonal factors, devel- 
opmental processes, temperature changes, metals, alcohol, per- 
oxisomal proliferators, and phenolic compounds (6-8). Oleate, 
one of the most abundant fatty acids in the diet, is the end 
product of SCD. Why is it then, that SCDl is such a highly 
regulated gene? A clue as to the physiological role of the SCDl 
gene and its endogenous products (the monounsaturated fatty 
acids) has come from recent studies of the asebia (ab) mutant 
mouse strain (9). The asebia mouse arose from BALB/c mice 
and was first described by Gates and Karasek (10). They 
named this mouse strain "asebia" because they found no evi- 
dence of sebaceous glands and subsequently reported that the 
mouse had a mutation that was due to a single autosomal 
recessive gene with complete penetrance; mice heterozygous 
for asebia appeared normal (9-11). The recessive mutation was 
located on chromosome 19 (12) and has recently been deter- 
mined to be in the SCDl gene (9). Ch a racleri nation of the 
asebia mice (abi) indicated that the mice express the SCD2 
gene isoform in various issues, but SCDl mRNA expression is 
not detectable in several mouse tissues so far studied (9). The 
absence of SCDl gene expression is due to an extensive dele- 
tion in the SCDl gene in which the first four exons of the gene 
are missing (9). The asebia mice develop alopecia, reminiscent 
of some of the clinical scarring alopecias in humans (9). The 
mice appear hairless with a short, sparse hair coat and dry, 
slightly scaly skin (10), suggesting the importance of SCDl 
expression to the normal development of sebaceous glands and 
hair growth. In addition, the mice suffer from corneal opacities 
and hypoplastic meibomian glands, implicating the importance 
of SCDl expression in normal ocular barrier fimction (9). The 
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mechanisms leading to these phenotypes are not known but are 
postulated to involve deficiencies in the biosynthesis of cellular 
monounsaturatcd fatty acids, particularly oleic acid. 

In the present study we have examined the role of SCDl gene 
expression in the synthesis of hepatic cholesterol esters and 
triglycerides. The results indicate that SCDl-deficient mice 
have decreased levels of liver cholesterol esters and triglycer- 
ides, despite the presence in liver microsomes of these mice of 
high activities of ACAT and GPAT, the enzymes that catalyze 
the synthesis of cholesterol esters and triglycerides, respec- 
tively. Additionally, ad libitum access of the SGDl-deiicient 
mice to diets rich in oleate and palmitoleate did not restore 
their hepatic cholesterol esters and triglycerides to the levels 
found in the aormal mice. Upon transient transfection of an 
expression vector containing the wild type SCDl cDNA into 
Chinese hamster ovary (CHO) cells, theare was an increase in 
SCD activity and esterification of cholesterol to cholesterol 
esters. Taken together, our observations demonstrate that he- 
patic cholesterol ester and triglyceride synthesis is highly de- 
pendent on SCDl gene expression and suggest that regulation 
of SCDl activity plays an important role in mechanisms of 
cellular cholesterol and lipoprotein homeostasis. 

EXPERIMENTAL PROCEDURES 
Animals and ZJieis—Asebia homozygous (al/'/al/ or -/-) and het- 
erozygous {+/ab'' or +/-) mice were obtained flrom the Jackson Labo- 
ratory (Bar Harbor, ME) aad bred at the University of Wisconsin 
Animal Care Facility. In this study, comparisons are made between the 
homozygous (-/-) and the heterozygous (+/-) mice because the latter 
are indistinguishable from normal mice (9, 10). Mice were housed in a 
pathogen-free barrier facility operating a 12-h lighf 12-h dark cycle. At 
3 weeks of age, these mice were fed ad libitum for 2 weeks or 2 months 
on laboratory chow diet or on a semi-purified diet containing 50% (% of 
total fatty acids) trioiein or tripalmitolein. The semi-purified diet was 
purchased from Harlan Teklad (Madison, WI) and contained 18% vita- 
min free casein, 5% soybean oil, 33.55% corn starch, 33.55% sucrose, 5% 
cellulose, 0.3% L-methionine, 0.1% choline chloride, salt mix: (AIN-76A) 
and vitamin mix (AIN-76A). The fatty acid composition of the experi- 
mental diets was determined by gas-liquid chromatography. The con- 
trol diet contained 11% palmitic acid (16:0), 23% oleic acid (18:ln-9), 
53% linoleic acid (18:2n-6), and 8% hnolenic acid (18;3n-3). The high 
triolein diet contained 7% 16:0, 50% 18:ln-9, 35% 18:2n-6, and 5% 
lS:3n-3. The high tripalmitolein diet contained 6% 16:0, 49% palmito- 
leic acid (16:ln-7}, 12% 18:ln-9, 27% ia:2n-6, and 4% 18:3n-3. Animals 
were anesthetized at about 10:00 a.m. by intraperitoneal Injection of 
pentobarbital sodium (0.08 mg of Nembutal/g of body weight; Abbot, 
North Chicago, IL). Liver was isolated immediately, weighed, and kept 
in liquid nitrogen. Blood samples were obtained from the abdominal 

Moferia^s— Radioactive [(i-^=P]dCTF (3000 Ci/mmol) was obtained 
from DuPont. Thin layer chromatography plates (TLC SiUca Gel G60) 
were from Merck. [l-"C]Stearoyl-CoA, PH] cholesterol, and [1-"C] 
oleoyl-CoA were purchased fi-om American Radiolabeled Chemicals, 
Inc. (St Louis, MO). Immobi!on-P transfer membranes were from Mil- 
lipore (Bedford, MA). ECL Western blot detection kit was from Amer- 
sham Pharmacia Biotech, Inc. LT-1 transfection reagent was from 
PanVera (Madison, WI). AH other chemicals were purchased from 
Sigma. The antibody for rat liver microsome SCD was provided by Dr. 
Juris Ozols at University of Connecticut Health Center. pcDNA3-l 
expression vector SCDl was provided by Dr. Travis Knight at Iowa 
State University. 

Lipid Analysis — Total lipids were extracted from liver and plasma 
according to the method of Bligh and Dyer (13), and phospholipids, free 
cholesterol, triglycerides and cholesterol esters were separated by silica 
gel TLC. Petroleum ether/diethyl ether/acetic acid (80:30:1) was used as 
a developing solvent. Spots were visualized by 0.2% 2',7'-dichlorofluo- 
rescein in 95% ethanol or by 10% cupric sulfate in 8% phosphoric acid. 
The phospholipid, cholesterol ester, and triglyceride spots were scraped, 
and 1 ml of 5% HCl-methanol was added and heated at 100 °C for 1 h. 
The methyl esters were analyzed by gas-liquid chromatography using 
cholesterol heptadecanoate as internal standard (14, 15). Free choles- 
terol, cholesterol ester, and triglycerides contents of liver and plasma 
were determined by enzymatic assaj^ (Sigma and Wafco Chemicals). 

Plasma Lipoprotein Analysis— M.ic» were fasted a minimum of 4 h 



and sacrificed by CO2 asphyxiation and/or cervical dislocation. Blood 
was collected aseptically by direct cardiac puncture and centrifuged 
(13,000 Xg,5 min, 4 °C) to collect plasma. Lipoproteins were fraction- 
ated on a Superose 6HR 10/30 fast protein liquid chromatography 
column (Amersham Pharmacia Biotech). Plasma samples were diluted 
1:1 with PBS, filtered (Cameo 3AS syringe filter, 0.22 jim) and injected 
onto the column that had been equiUbrated with PBS containing 1 mM 
EDTA and 0.02% NaNg. The equivalent of 100 p.1 of plasma was injected 
onto the column. The flow rate was set constant at 0.3 ml/min. 500-ju,l 
fractions were collected and used ior total triglyceride measurements 
(Sigma). Values reported are for total triglyceride mass/fraction. The 
identities of the lipoproteins have been confirmed by utilizing anti- 
ApoB iramunoreactivity for LDL and anti-Apo Al immunoreactivity for 
HDL (not shown). 

Isolation and Analysis ofRNA — Total RNA was isolated from livers 
using the acid guanidiniiim-phenol-chloroform exLracUon method (16). 
20 p,g of total RNA was separated by 0.8% agarose/2.2 M formaldehyde 
gel electrophoresis and transferred onto nylon membrane. The mem- 
brane was hybridized with ^*P-labeled cDNA probes 3ynthe.sized using 
the divergent 5'- or 3'-untranslated regions specific for either the SCDl 
(4) or the SCD2 (3) cDNAs. pAL15 probe (16, 17) was used as control for 
equal loading. 

SCD Activity Assay — Stearoyl-CoA desaturase activity was meas- 
ured in liver microsomes essentially as described by Oshtno ei al. (18). 
Tissues were homogenized in 10 volumes of buffer A (0.25 m sucrose/i 
mM EDTA/10 mM Tria-HCl/l mM phenylmethylsulfonyl fluoride, pH 
7.4). The microsomal membrane fractions (100,000 X g pellet) were 
isolated by sequential centrifugation. Reactions were performed at 
37 °C for 5 min with 400 fig of protein homogenate and 27 nn of 
[l-"C]stearoyl-CoA (60,000 dpra), 1 fili of NADH, 50 tiM of Tris/HCI 
buffer, pH 7.4, After the reaction, fatty acids were extracted and then 
methylated with 10% acetic chloride/methanol. Saturated fatty acid 
and monounsaturated fatty add methyl esters were separated by 10% 
AgNOj-impregnated TLC using he3cane:diethyl ether (9:1) as develop- 
ing solution. The plates were sprayed with 0.2% 2',7'-dichlorofluore3- 
cein in 95% ethanol, and the lipids were identified under UV light. The 
fractions were scraped off the plate, and the radioactivily was measured 
using a liquid scintillation counter (21). The enzyme activity was ex- 
pressed as nmol min~' mg~' protein 

ACAT Activity Assay— ACAT activity was measured essentially as 
described (19). Reactions were performed at 37 °C for 5 min with 250 
(ig/ml microsome protein homogenate and 20 /xm ri-"C]oleoyl-CoA (18 
;iCi//j,mol). Exogenous cholesterol (20 nmol) was added as complex of 
Triton WR1339:cholesteroI (100:1) to the reaction mixture. Cholesterol 
esters and triglycerides were separated by TLC using hexane:diethyl 
ether:acetic acid (90:30:1) as developing solution. The plates were 
sprayed with 0,2% 2',7'-dichlorofluoreaeein in 95% ethanol, and the 
lipid fractions were identified under UV light. The fractions were 
scraped off the plate, and the radioactivity was measured with liquid 
scintillation counter. 

GPAT Activity Assay—GPAT activity was measured essentially as 
described by Thomas and Poznansky (25). The incubation mixture 
contained 75 mM Tris/HCI, pH 7.4, 4 mM MgCla, 2 mg/ml of bovine 
serum albumin, 50 ^iM palmitoyl-CoA, 0.3 mM P*'C]glycerol 3-phosphate 
(7.6 p.Ci//xmol), and 500 ^tg/mi microsome protein. The assay mixture 
was incubated at 37 °C for 10 min, and the reaction was terminated by 
adding 3 ml of chloroform:methanol (1:2) and 0.6 ml of 1% perchloric 
acid. After 5 min, the lipids were extracted according to Bligh and Dyer 
(13), The lower phase was washed three times with 2 ml of 1% perchlo- 
ric acid, After drying, the radioactivity of lower phase was measured 
with liquid scintillation counter (21). 

Immunoblotting — Pooled liver membranes from five mice of each 
group were prepared as described by Heinemann and Ozols (20). The 
same amount of protein (80 fj.g) from each fraction was subjected to 10% 
SDS-polyacrylamide gel electrophoresis and transferred to Immo- 
bilon-P transfer membranes at 4 °C. After blocking with 10% nonfat 
milk in TBS buffer, pH 8.0, plus Tween at 4 °C overnight, the mem- 
brane was washed and incubated with rabbit anti-rat SCD as primary 
antibody (20) and goat anti- rabbit IgG-horseradish peroxidase conju- 
gate as the secondary antibody. Visualization of the SCD protein was 
performed with ECL Western blot detection kit. 

Transient Transfections of CHO Cell— CKO cells were transfected 
with pcDNA3-l mammahan expression vector containing the wild 
type-mouse SCDl cDNA (4) or the plant SCD cDNA in the antisense 
orientation. 10 of DNA was transfected with LT-1 transfection 
reagent into equivalent amounts of cells (1 X 10^) plated on 6-cm dishes. 
Approximately 48 h after transfection, cells were washed twice with 
PBS, harvested by scraping, and homogenized in 20 mM Tris, 150 mM 
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Fig. 1. Northern blot analysis for the expression of SCDl and 
SCD2 inRNA (A), SCD enzyme activity (B), and immunoblot 
analysis (C) of SCD from livers of SCDl—/— and heterozygous 
(+/-) mice. Total RNA (20 mg) pooled from 5 mice of each group was 
subjected to Northern blot analysis followed by hybridization with 
labeled probes specific for SCDl and SCD2 cDNA. A cDNA probe for 
pAL15 (16) was used to confirm equal loading. For enzyme activity, 
aliquots of microsome fraction (400 rag) from livers of each group were 
incubated with a reaction mixture containing [l-'*C]stearoyl-CoA for 5 
min. The products were saponified and acidified, and the fatty acids 
were extracted and separated by TLC as described under "Experimen- 
tal Procedures." Each value represents the mean ± S.D. (n = 5). For 
immunoblot analysis, aliquots of membrane fraction (80 mg) from 
pooled livers of each group were subjected to 10% SDS-poIyacrylamide 
gel electrophoresis followed by detection with SOD antibody. 

NaCl, and 0.1% Triton X-100 followed by 10 passes through a 25-gauge 
needle. Total membranes were isolated and used for immunobiotting 
and for SCD enzyme assay as described above. To measure cholesterol 
esterification, CHO cultures were incubated with pH] cholesterol (5 
^Ci/ml) for 12 h. The cells were washed twice with PBS. Total lipids 
were then extracted, and the incorporation of pHQcholesteroi into cho- 
lesterol esters was measured by TLC followed by liquid scintillation 
counter (21). 



Absence of SCDl mRNA, Protein, and Emyme Activity in the 
Liver of SCD~ / - Mice — Northern blot analysis shows that 
SCDl mRNA is not detectable in liver of SCDl-/- mice, 
whereas heterozygous mice (+/—), which are phenotypically 
indistinguishable from normal mice (9, 10), express the 4.9- 
kilobase SCDl mRNA (Fig. lA). SCD2 mRNA was expressed in 
the livers of both SCDl-/- mice and heterozygous mice at 
much lower level and was visualized only after a much longer 
exposure of the autoradiogram. There was no change in the 
pAL15 mRNA expression, used as a control for equal loading of 
the RNA. SCD enzyme activity, as measured by the rate of 
conversion of [l-"C]stearoyl-GoA to [l-"C]oleate (Fig. IB), 
was high in the heterozygous mice but was decreased by 
greater than 90% in the total extracts of livers of the SCDl-/- 
mice. The low level of SCD activity remaining in the ejctracts of 
the SCDl-/- mice is probably due to expression of the SCD2 
isoform. Immunoblot analysis (Fig. lO shows that SCD protein 
was not detectable in the liver microsomes of the SCDl-/- 
mice, confirming that the antibody is specific for the liver 
microsomal SCDl isoform. 

SCDl - 1 - Mice Have Low Levels of Hepatic Cholesterol Es- 
ters and Triglycerides ofOleate and Palmitoleate — TLC of lip- 
ids extracted from liver of SCDl-/- mice demonstrated mark- 
edly reduced cholesterol ester and triglyceride levels compared 
with the lipids extracted from liver of heterozygous mice (Fig. 
2). Table I shows that the total cholesterol ester content in liver 
of SCDl-/- mice was decreased by 87%. The total plasma 
cholesterol increased by 36% in the SCDl-/- mice, whereas 
the liver free cholesterol levels remained the same in both 
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Pig. 2. TLC of lipid extracts from livers of SCDl-/- and het- 
erozygous (+/-) mice. Total lipids were extracted from livers of 
heterozygous and SCDl—/— mice. Lipid extracts were pooled and ana- 
lyzed by TLC. Equivalent amounts of lipid extract (from 2.5 mg of tissue 
homogenate) were loaded in each lane. Each lane represents lipids from 
livers of three mice. 

Tabi£ I 

Phenotypic differences between SCD- 1- and SCD+/- mice 
Female mice were fed control diets for 2 weeks and sacrificed at 5 
weeks of age, and liver free cholesterol, cholesterol esters and triglyc- 
erides, plasma total cholesterol, and triglycerides were measured. Val- 
ues are the means ± S.D. (n = 6). Bold values denote a level of 
statistical s^nificance of p < 0.001 between SCD-/- and SCD+Z- 
mice (Student's t test). 



Body weight (g) 
Liver weight (g) 

Liver free cholesterol (mg/g liver) 
Liver cholesterol esters (mg/g liver) 
Liver triglycerides (mg/g liver) 
Plasma total cholesterol (mg/dl) 
Plasma triglycerides (mg/dl) 



18.9 ± 0.7 
0.9 ± 0.1 
1.1 ± 0.1 

0.2 ±0,0 
3.7 ± 0,3 
7B.9 ± 3.0 
26.7 ± 2.4 



groups of animals. The total liver triglyceride content de- 
creased by 62% in the SCD-/- mice, whereas the plasma 
triglyceride content decreased by 67%. Plasma lipoproteins 
were separated by fast performance liquid chromatography, 
and the distribution of triglycerides among lipoproteins in the 
various density fractions of the mice are shown in F^. 3. 
Lipoprotein profile showed a major diiference in the distribu- 
tion of triglycerides in the VLDL fraction of the SCD-/- and 
SCD-f-/- mice. The levels of triglycerides in the SCD+/- were 
25 ng/6i in the VLDL, with very low levels in the LDL and HDL 
fractions. In contrast the SCD-/- had very low levels of trig- 
lycerides in the three lipoprotein fractions. 

The msgor monounsaturated fatty acids of cholesterol esters 
and triglycerides are palmitoleate and oleate (5). To determine 
whether the livers of the SCDl-/- mice contained less mo- 
nounsaturated fatty acids in the cholesterol ester and triglyc- 
eride fractions, the lipid fractions were separated by TLC, and 
the relative fatty acid composition in each fraction was deter- 
mined. Table II shows the relative percentage of the major fatty 
acids measured in the cholesterol ester and triglyceride frac- 
tions. In the total hpid fraction, the SCDl-/- livers had a 50% 
decrease in the relative amount of palmitioleate (16:1) and a 
43% decrease in oleate (18:1). The relative amount of palmi- 
toleate (16:1) in hepatic cholesterol ester fraction of livers of the 
SCDl—/— mice decreased by 85%, whereas the relative amount 
of oleate (18:1) decreased by 60%. Liver triglycerides of 
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SCDl-/- mice showed an 85% decrease of palmitoleate (16:1) 
and an 83% decrease of oleate (18:1) compared with the het- 
erozygous mice. 

The relative decreases in the monounsaturated fatty acids 
(16:1 and 18rl) were accompanied by significant increases in 
the relative percentages of the saturated fatty acids (16:0 and 
18:0). Fig. 4 shows the ratio of monounsaturated fatty acids to 
saturated fatty acids (desaturation index) measured in the 
cholesterol ester and triglyceride fractions in the livers of the 
SCDl-/- and heterozygous mice. In the total lipid fraction 
(Fig. 4, A and D), the 16:1/16:0 and 18:1/18:0 ratios were de- 
creased in the livers of the SCDl—/- compared with the het- 
erozygous mice. In the cholesterol ester and triglyceride frac- 
tions (Kg, 4, B, C, E, and F), the ratios of 16:1/16:0 and 
18:1/18:0 were decreased by greater than 90%. These data 
indicate that although the liver cholesterol ester and triglycer- 
ide levels are reduced as shown in Fig. 2 and Table I, the 
absolute monounsaturated fatty acid content in each fraction is 
dramatically reduced in the SCDl-/- mice with corresponding 
increases in the saturated fatty acids. There were only minor 
changes in the composition of other fatty acids. The changes 
measured in the relative amounts of monounsaturated and 
saturated fatty acids in the phospholipid fractions were much 
smaller but followed the trend of the cholesterol esters and 
triglycerides (data not shown). 

Dietary 18:1 or 16:1 Did Not Alter Cholesterol Ester and 
Triglyceride Levels in the Livers ofSCD—/— Mice — ^The cellu- 



SCD1 +/- 
SCDl -/- 




Fraction 



Fig. 3, VLDL-triglyoeride levels in SCDl-/- and SCDH-/- 
mice. Plasma lipoproteins were separated by fast performance liquid 
chromatography, and the distribution of triglycerides among lipopro- 
teins in the various density fractions of the mice was measured. O, 
SCD-/-; •, SCD1+/-. The lipoprotein peaks for VLDL, LDL, and 
HDL are indicated. 



lar oleate or palmitioleate used for hepatic cholesterol ester and 
triglyceride synthesis, could be synthesized either de novo or by 
desaturation of exogenous palmitate or stearate indirectly from 
the diet. To determine whether dietary oleate or palmitoleate 
could substitute for the endogenously synthesized oleate or 
palmitoleate and restore the hepatic cholesterol esters and 
triglycerides of the SCD-/- mice to the levels observed in the 
heterozygous mice, we supplemented the semipurified mouse 
diets with high levels of 18:1 or 16:1 (50% of total fat) as triolein 
or tripalmitolein and then fed these diets to SCD-/- mice for 
2 months. Total liver extracts were prepared, and the lipid 
fractions were analyzed by TLC, and the fatty acid composition 
of the liver was analyzed by gas-liquid chromatography. Cho- 
lesterol esters and triglycerides were also assayed enzymati- 
cally and quantitated as mg/g of liver. Feeding diets supple- 
mented with triolein or tripalmitolein to the SCD-/- mice 
resulted in an increase in the levels of 16:1 and 18:1 in the liver 
(Table III) but as shown in Pig. 5A, there was no recovery in the 
synthesis of cholesterol esters and triglycerides in the SCD-/- 
mice to the levels observed in the heterozygous mice. Instead, 
as shown in Fig, 5B, there was an 85 and 60% reduction in the 
cholesterol esters and triglycerides, respectively, in the livers of 
SCD-/- mice fed with high 18:1 or 16:1- Taken together, these 
observations suggest that the synthesis of cholesterol esters 
and triglycerides in liver is dependent on the presence of en- 
dogenously synthesized palmitoleate and oleate. 

Reduced Levels of Hepatic Cholesterol Eaters and Triglycer- 
ides in the SCDl- 1- Mice Is Not Due to Lack of ACAT or 
GPAT — The low levels of cholesterol esters and triglycerides 
observed in the SCD-/- mice could have resulted from re- 
duced levels of ACAT or GPAT, the enzymes that catalyze the 
synthesis of cholesterol esters and triglycerides, respectively. 
ACAT activity as measured by the rate of conversion of 
[1-^*C] oleate to labeled cholesterol oleate (Fig. 6) was present 
at almost equal levels in the liver microsomes of both SCD-/- 
and heterozygous mice. Cholesterol as a substrate of esterifi- 
cation was not limiting because the free cholesterol levels in the 
liver of the SCD-/- and heterozygosis mice were similar (Table 
I). GPAT activity, as measured by the esterification of palmi- 
toyl-CoA to radioactive glycerol 3-phosphate, was also similar 
in both groups of animals (Pig. 6). These observations further 
confirm the requirement of endogenously Synthesized oleate or 
palmitoleate as the limiting substrates for cholesterol ester and 
triglyceride synthesis in hver. 

Cholesterol Esterification Is Enhanced by SCDl Gene Over- 
expression — To confirm that the synthesis of cholesterol esters 
is dependent on the expression of the SCDl gene, we tran- 
siently expressed wild type mouse SCDl cDNA (4) in cultured 
CHO cells and measured cholesterol esterification by labeling 



Table II 

Fatty acid composition of livers of SCD - I- and SCD +/ - mice 
Female mice were fed control diets for 2 weeks and sacrificed at 6 weeks of age. Liver samples from each mouse were extracted, and the major 
classes of lipids were separated by TLC. The lipid fractions were methyl-esterified and quantitated by gas-liquid chromatography as described 
under '^xp^imental Procedures." Only the major fetty acids are presented. Bold values denote a level of statistical significance of p < O.OB 



SCD-/- and SCD-H/- (Student's t test). 
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the cultured cells with [''H] cholesterol for 12 h, followed by TLC 
analysis of the lipid fraction and scintillation counting (21). The 
transfection of the SGDl cDNA resulted in a 3-4 fold increase 
in SCD enzyme activity (Fig. 7A) and 5~7-foId increase in 
protein level (Pig. IB) compared with the control cells that had 
been transfected with the plant SCD in the antisense orienta- 
tion. The increase in SCD enzyme activity in the SCDl-trans- 
fected cells resulted in increased esterification of cholesterol to 
cholesterol esters at levels 2-fold higher than in control ceUs 
(Fig. 7C). These in vitro results suggest that during the syn- 
thesis of cholesterol esters, the majority of cellular palmitoleate 
and oleate were required, because substrates of esterification 
must be made de novo by the SCDl gene. 

DISCUSSION 

Stearoyl-CoA desaturase has been impUcated as a regulatory 
enzyme in lipogenesis, because stearoyl-GoA desaturation is 
the rate-limiting step in the overall de novo synthesis of unsat- 
urated fatty acids from acetyl-CoA in animal tissues (7), Why 
SCD is highiy regulated and yet oleate, the major product of 




Genotype oI'Mice 



Fig. 4. The ratio of pahnitloleate (16:1) to palmitate (16:0) and 
oleate (18:1) to stearate in cholesterol ester and triglyceride 
fraction of SCD-/- and heterozygous mice. Total lipids 

were extracted from hvers of SCD—/— and heterozygous mice. Lipid 
extracts were pooled and analyzed by TLC, methyl esterified, and 
quantitated by gas-liquid chromatography. The values used for calcu- 
lating the ratio of monounsaturated to saturated fatty acids are derived 
directly from the values presented in Table III. 



this enzyme is one of the most abundant fatty acid in the diet 
has not been well addressed. For instance, dietary oleate is well 
known for its hypotriglyceridemic effects and yet high SCD 
activity has been implicated in diabetes, obesity, and athero- 
sclerosis in several animal models (7). By using the asebia 
mutant mouse strain that has a null mutation in the SCDl 
gene as a model, we iiave begun to address the physiological 
role of SCD gene expression in normal and disease states. We 
found that the asebia mice have a deficiency in cholesterol 
esters and triglycerides in liver and demonstrated by esqires- 
sion of the SCDl gene in CHO cells that the synthesis of 
cholesterol esters, is dependent on SCDl gene expression. This 
observation suggests that ondogenmisly .synthesized monoun- 
saturated fatty acids most liksly serve as the main substrates 
for the synthesis of cholesterol esters. Our ob.servations also 
indicate that endogenously synthesized monounsaturated fatty 
acids most likely serve as the main substrates for the synthesis 
of hepatic triglycerides. The alteration in. the levels of monoun- 
saturated fetty acids as a restilt of SCDl gene expression can 
therefore have a wide range of effects on cholesterol and li- 
poprotein metabolism, 

It has always been perceived that dietary intake is ulti- 
mately the major lipid source of monounsaturated fatty acids 
that get incorporated in triglycerides and cholesterol esters. 
The concept that SCD modulation in animal tissues differs 
from feeding animals diets rich in oleate or monounsaturated 
fatty acids has not been rigorously tested. Dietary oleate or 
palmitoleate from the small intestine would reach the liver 
mainly as cholesterol esters of chylomicron remnants. The cho- 
lesterol esters are then cleaved into free cholesterol and free 
oleate and palmitoleate in the lysosomes, ACAT or GPAT 
would then use the free oleate and palmitoleate as substrates 
for cholesterol ester or triglyceride synthesis. Wc tested the 
possibility that dietary oleate and palmitoleate would serve as 
substrates of ACAT or GPAT and correct the deficiency in 
cholesterol esters and triglycerides in the SCDl-/- mice by 
supplementing the semipurified diet with high levels of oleate 
or palmitoleate. After several weeks of feeding, our results 
indicated that dietary oleate or palmitoleate could not correct 
the deficiency in cholesterol ester and triglyceride levels in the 
SCD-/- mice despite an increase in the levels of 16:1 and 18:1 
in the liver as well as normal activities of ACAT and GPAT. 
This observation may be explained if we consider that dietary 
oleate or palmitoleate does not necessarily increase the avail- 
ability of nonesterified oleate or palmitoleate at the very site of 
cholesterol ester or triglyceride synthesis. The endogenously 
synthesized oleate or palmitoleate, which arise from SCD ac- 
tivity in the endoplasmic reticulum, would be better substrates 
for ACAT and GPAT. When we expressed the mouse SCDl 



Table III 

Fatty acid composition of liver from mice subjected to various dietary paradigms 
Male mice were fed control, high 18:1, or high 16:1 diets for 2 months and sacrificed at 13 weeiis of age. Liver samples from each mouse were 
extracted, and the m^or classes of lipids were separated by TLC. The hpid fraction were methyl esterified and quantitated by GLC as described 
under "Experimental Procedures." Only the major fatty acids are presented. 



Genotype of mice diet 




16:0 


16:1 


18:0 


18:ln-9 


18:2n-6 


ia:3n-a 


20:4n-6 


22:6n-3 


Total fatty acids 




















+/- 


Control 


26.6 


1.1 


16.4 


21.1 


15.5 


0.3 


16.7 


0.6 




Control 


31.4" 


0.2° 


23.8° 


5.6° 


19.9° 


0,3 


17.6 


0.8 




18:1 


31.6" 


0.1° 


22.1° 


13.3°-* 


16.8 


0,2 


14.2 


1.3'" 


-/- 


16:1 


33.7° 


1.4* 


25.6° 


6.9° 


16.9 


0.3 


12.9'' 


1.2"-'' 


Cholesterol esters 




















+/- 


Control 


21.1 


3.1 


10.3 


45.2 


17.2 


0.7 


0.9 


0.4 


-/- 


Control 


33.2" 


0.5° 


31.7" 


10.3° 


20.3" 


0.9 


1.8° 


1.0° 


-/- 


18:1 




0.4-' 


28.9° 


12.3° 


17.7 


0.9 


1.9° 


1.1- 


-/- 


16:1 


35.1° 


0.7' 


32.1° 


10.2° 


16.4 


1.1° 


1.9° 


1.50 



'p < 0.01 vs. heterozygous mice fed control diet. 
^p< 0.01 vs. homozygous mice fed control diet. 
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teln (250 fig) was incubated with a reaction mixture oontainii^ 
[l-^'*C]oleoyl-CcA for 5 min. The products were saponified and acidified, 
and the fatty acids were extracted and separated by TLC as described 
under "Experimental Procedures." GPAT assay was performed at 37 "C 
for 10 min without exogenous cholesterol. GPAT activity was measured 
by incubating 500 ng/ml microsome protein with a reaction mixture 
containing t"C]glycerol 3-phosphate. The lipids were extracted, and the 
radioactivity of the synthesized triglyceride was measured as described 
under "Experimental Procedures." Each value for the ACAT or GPAT 
assay represents the mean ± S.D. (n = 4). 



HigK 16: 



their 



n ± S.D. (n 



Fig. 5. TLC of lipid extracts from livers of SCD-/- and het- 
erozygous mice ted high oleate and palmitoieate diets for 2 
months. A, total lipids were extracted from livers of SCD-/- and 
heterozygous mice. Lipid extracts were pooled and analyzed by TLC as 
described under "Experimental Procedures." Equivalent amounts of 
lipid extract (from 2.5 mg of tissue homogenate) were loaded in each 
lane. Each lane represents lipids from liver of one mouse. B, total lipids 
were extracted from 5 mg of liver tissue and separated by TLC using 
hexane:diethyl etheracetic acid <90:30:1), The cholesterol ester and 
triglyceride contents were determined by enzymatic assays. Each value 



cDNA in CHO cells there was increased expression of SCD 
protein and enzyme activity with a corresponding increase in 
esterification of cholesterol to cholesterol esters. Although this 
could be artifact of overexpression of the SCDl cDNA, this in 
vitro result demonstrates that SCDl gene expression is re- 
quired to generate monounsaturated fatty acids as the pre- 
ferred substrates for cholesterol ester synthesis. Because SCD, 
ACAT, and GPAT are endoplasmic reticulum membrane en- 
zymes, a possible physiological explanation for the requirement 
of SCD expression is to produce more readily accessible sub- 
strate within the vicinity of ACAT and GPAT to aid in the 
efficient esterification of cliolGsterol and glycerol 3-phophate 
for cholesterol ester and triglyceride S3nitheais, respectively. 

The mouse and rat genomes contain two weU characterized 
structural genes (SCDl and SCD2) that are highly homologous 
at the nucleotide and amino acid level and encode the same 
functional protein (3, 4), The two SCD genes are products of 
different genes, but despite the fact that both genes are struc- 
turally similar, sharing —87% nucleotide sequence identity in 
the coding regions, their 5'-flanking regions differ, resulting in 
divergent tissue -specific gene expression. As shown in the pres- 
ent investigation, despite the expression of the SCD2 in liver of 
SCDl-/- mice, the full esterification of cholesterol could not 
occur, suggesting that the SCD2 iso&rm could not compensate 
for the SCDl deficiency. The physiological significance of hav- 
ing two or more mouse SCD iso&rms expressed in the same 




Fig. 7. Cholesterol esterification activity in Chinese hamster 
ovary cells transfected with the mouse SCDl cDNA CHO cells 
were transiently transfected with plasmid cDNA vectors containing 
wild type mouse SCDl cDNA or the plant SCD cDNA vector in the 
antisense orientation as a control. Cells were harvested and homoge- 
nized, and total membranes were isolated. SCD activity and protein were 
analyzed as described under "Experimental Procedures." For SCD activity 
CA), the data are shown for four samples of a single transfeetion experi- 
ment. Each lane in B represents protein sample from a single transfeetion 
experiment. For cholesterol esterification (C), CHO cultures were incu- 
bated with pHlcholesterol {5 /iCi/ml) for 12 h. The cells were washed twice 
with PBS. Then, total lipids were extracted from cells as described 
under "Experimental Procedures." The incorporation of PH] cholesterol 
irito cholesterol esters was measured by liquid scintillation counter. 



tissue is not currently known but could be related to the sub- 
strate specificity of each SCD isoform or the means by which 
cells compartmentalize lipid biosynthesis for specific functions. 
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The absence of SCD protein in liver microsomes (Fig. IC) but 
residual activity in the total extracts may suggest that SCDl 
and SCD2 reside in different cellular compartments. 

The consequences of the changes in expression of SCD are 
relevant to cholesterol and lipoprotein homeostasis. The ma- 
jority of endogenous synthesis of fatty acids in liver is directed 
toward cholesterol ester and triglyceride synthesis and secre- 
tion (5), Oleic acid, the major product of SCD, is the preferred 
substrate for ACAT, the enzjTne responsible for esterification 
of cholesterol (22). SCD activity was shown to increase signif- 
icantly in liver of rats fed high cholesterol diets with a corre- 
sponding increase in cholesterol oleate content (23). Addition- 
ally, overexpression of sterol regulatory element-binding 
proteins-la, Ic, and 2 in mouse liver has been shown to induce 
SCDl mBKA and enzyme activity, resulting in the dramatic 
increase in cholesterol esters and triglycerides of oleate and 
palmiteolate (5). The increased esterification of cholesterol 
would prevent the toxic accumulation of free cholesterol in 
liver, and the increase in the availability of cholesterol esters 
and triglycerides would lead to their secretion by the liver in 
the form of VLDL (24). We observed a dramatic decrease in 
total cholesterol esters and triglycerides in liver and plasma of 
SCD -/- mice (Table I). Very low levels of VLDL particles with 
very low levels of triglycerides were present in the SCD-/- 
mice, suggesting that SCDl deficiency affects VLDL synthesis, 
secretion, or possibly clearance from plasma. 

In eonclu.iion, the present work demonstrates that choles- 
terol ester and triglyceride synthesis in mouse liver is highly 
dependent on the expression of the SCDl gene. We propose 
that dietary oleate or palmitoleate does not necessarily in- 
crease the availabihty of nonesterified oleate or palmitoleate at 
the very site of cholesterol ester and triglyceride synthesis in 
liver. Normally cholesterol esters are stored in liver hepato- 
cytes or together with triglycerides can be packaged into VLDL 
and secreted in plasma for transport to other tissues. However, 
in the absence of cellular monounsaturated fatty acids because 
of SCDl deficiency, the levels of hepatic cholesterol esters and 
triglycerides are i^educed, leading to changes in cellular choles- 
terol levels and plasma lipoprotein profile. Thus, the SCDl 



gene may be another checkpoint in the process of cholesterol 
homeostasis and lipoprotein metabolism and may have broad 
implications for its potential use as a target in human disease. 
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Abstract The lipid composition of cellular membranes is 
regulated to maintain membrane fluidity. A key enzyme in- 
volved in this process is the membrane-bound stearoyl-CoA 
desaturase (SCD) which is the rate-limiting enzyme in the 
cellular synthesis of monounsaturated fatty acids from satu- 
rated fatty acids. A proper ratio of saturated to monounsat- 
urated fatty acids contributes to membrane fluidify. Alter- 
ations in this ratio have been implicated in various disease 
states including cardiovascular disease, obesity, non-insulin- 
dependent diabetes mellitus, hypertension, neurological 
diseases, immune disorders, and cancer. The regulation of 
stearoyl-CoA desaturase is therefore of considerable physio- 
logical importance and its activity is sensitive to dietary 
changes, hormonal imbalance, developmental processes, 
temperature changes, metals, alcohol, peroxisomal prolifer- 
ators, and phenolic compounds. Two mouse and rat SCD 
genes (SCDl and SCD2) and a single human SCD gene have 
been cloned and characterized. In the past several years we 
have studied the dietary influences on the genetic expres- 
sion of the mouse stearoyl-CoA desaturase. The expression 
of the mouse SCD genes is regulated by polyunsaturated 
fatty acids and cholesterol at the levels of transcription and 
mRNA stabili^. Promoter elements that are responsible for 
the polyunsaturated fatty acid repression colocalize with the 
promoter elements for SREBP-mediated regulation of the 
SCD genes.Sn It is the goal of this review to provide an 
overview of the genetic regulation of the stearoyl-CoA de- 
saturase in response to dietary polyunsaturated fatty acids 
and cholesterol.— Ntambi, J. M. Regulation of stearoyl-CoA 
desaturase by polyunsaturated fatty acids and cholesterol. 
J. IdpidRes, 1999. 40: 1549-1558. 



STEAROYL-CoA DESATURASE: WHAT DOES IT DO? 

It has been recognized that irrespective of diet, the major 
storage fatty acids in haman adipose tissue are oleate and 
palmitoleate (1). Why this is the case has not been satisfac- 
torily addressed. There appears to be a number of answers 
at different levels, i.e., special physico-chemical properties 
of oleic acid at body temperature, its effects on membrane 
fluidity, a readily available energy source, and the con- 



straints of the intermediary metabolism of carbohydrates 
and fats. During the de novo synthesis of fatty acids, the 
fatty acid synthase enzyme stops at palniitate but the end 
product of the pathway is usually oleic acid. Stearate is too 
insoluble to be stored (2). High carbohydrate feeding also 
leads to high levels of palmitoleate as seen in neonates 
(2). Adipose fatty acid composition of monounsaturated 
fatty acids is considered to reflect dietary intake (3) but it 
is not an exact mirror suggesting the requirement of de 
novo biosynthesis of the monounsaturated fatty acids in 
addition to the dietary sources. 

A critical committed step in the biosynthesis of mono- 
unsaturated fatty acids is the introduction of the first cis- 
double bond in the A9 position (between carbons 9 and 
10). This oxidative reaction is catalyzed by the iron- 
containing, microsomal en2yme stearoyl-CoA desaturase 
(SCD) and involves cytochrome bj, NADH (P) -cytochrome 
bj reductase, and molecular oxygen (Fig. 1). Although 
the insertion of a double bond occurs in a spectrum of 
methylene-interrupted fatty acyl-CoA substrates including 
trans-ll octadecenoic acid (4), the preferred substrates 
are palmitoyl- and stearoyl-CoA, which are converted into 
paimitoleoyi- and oleoyl-CoA, respectively (5-8). Overall, 
A9 desaturase affects the fatty acid composition of phos- 
pholipids and triglycerides. Effects on phospholipid com- 
position are important in the maintenance of membrane 
fluidity and alterations have been implicated in a variety 
of disease states (6). Two mouse and rat genes (SCD I and 
SCD2) and a single human SCD gene have been cloned 
and characterized (9-12). Other SCD cDNAs and genes 
have been isolated from different species including yeast 
(13), ovine (14), and hamster (15), and the regulation of 
their expression is currently being studied by several re- 
search groups. The two mouse genes have been shown to 



Abbreviations: SCD, stearoyi-CoA desaturase; SREBP, sterol regula- 
tory element binding protein; C/EBP, CCAAT enhancer binding pro- 
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unsaturated fatry acid response element; PUFA-BP, polyunsaturated fatty 
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Fig, 1. The pathway of eiectron transfer jn the desaturatlon of fetty acids tjy stearoyl-CoA desaturase. 



be regulated differently in different tissues, presenting a 
unique model to study tissue-specific gene expression. 
The tissue distribution and the dietary alteration of the 
mouse and rat SCDl mRNA differ markedly from that of 
SCDZ, being constitutive in adipose tissue, and are mark- 
edly induced in Ihfer in response to feeding a high carbo- 
hydrate diet (9, 10, 16). Like SCDZ, SCDl mRNA is ex- 
pressed to a lesser extent in kidney, spleen, heart, and 
lung in response to a high carbohydrate diet. The SCDZ 
expression in brain is induced during the development of 
neonatal mice (17) and down-regulated during the devel- 
opment of mouse lymphocytes (18). The reason for hav- 
ing two SCD isoforms is not known but could be related to 
the substrate specificities of the two isomers and their reg- 
ulation through tissue-specific expression. Although certain 
regions of the promoter of the two mouse genes differ 
markedly, there is one region with high nucleotide se- 
quence homology. The sequence between —201 to —54 in 
the SCDZ gene is 77% identical to the sequence between 
-472 to -325 in the SCDl gene (Fig. 2). The regulatory 
elements responsible for polyunsaturated fatty acid and 
cholesterol regulation of the SCD genes are contained in 
the sequences within the conserved region. In the past 
several years we have studied the genetic regulation of the 
mouse stearoyl-CoA desaturase by dietary and hormonal 



factors and also during fat cell differentiation. This review 
will focus on our current understanding of the genetic 
regulation of the stearoyl-CoA desaturase In response to 
dietary polyunsaturated fatty acids and cholesterol. 



INFLUENCE OF DIETARY FAT ON STEAROYL-CoA 
DESATURASE IN DISEASE STATES 

Oleic acid and j)aImitoleic acid are the major mono- 
unsaturated fatQp acids in fat depots and membrane phos- 
pholipids. These fatty acids are synthesized by the stearoyl- 
CoA desaturase. The ratio of stearic acid to oleic acid is 
one of the factors influencing membrane fluidity and 
cell-cel) interaction (6). Abnormal alteration of this ratio 
has been shown to play a role in several physiological and 
disease states including diabetes, cardiovascular disease, 
obesity, hyptertension. neurological diseases, immune dis- 
orders, cancer, and aging (19-36). 

SCD was viev^ed as a Upogenic enzyme not only for its 
key role in the biosynthesis of monounsaturated fatty 
acids but also for its pattern of regulation by diet and insu- 
lin. SCD activity was decreased in rat liver during starva- 
tion and diabetes and was rapidly induced to high levels 
upon refeeding high carbohydrate diets or upon Insulin 




□ C/EBP nSRE •CCAAT— BOX (NF-Y)-- TATA— BOX 

Fig. 2. Organization of the mouse SCDl and SCD2 promoters and the nucleotide sequence similarity of the 1 10-bp segment in the 5'- 
flanking region of the mouse SCDZ and SCD 1 genes. SRE, sterol regulatory element; NF-Y. CCAAT-binding factor or nudear fisctor Y bind- 
ing site; C/EBP. CCAAT enhancer binding protein sequence. 
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administration (37-39). Diets ricii in saturated fatty acids 
or cholesterol also induced desaturase activity in rat liver 
(40-42) . On the other hand, dietary polyunsaturated fatty 
acids (PUFAs) such as Hnoleic acid (I8:2n-6) diminished 
SCD activity (43). 

The consequences of regulating the stearoyl-CoA desat- 
urase by PUFAs and cholesterol may be relevant to lipo- 
protein metabolism. Liver and adipose cell metabolic 
homeostasis could be dependent on SCD for several rea- 
sons. The majority of de novo synthesis of fatty acids in 
liver is directed toward triglyceride synthesis and secretion 
(25). The hepatic packaging and secretion of very low 
density lipoprotein (VLDL) requires synthesis of apolipo- 
protein B-lOO (apoB-100) as well as sufficient amounts of 
oleic acid which would either come from the diet or from 
synthesis by SCD (25). Oleic acid is the preferred sub- 
strate for acyl-CoA cholesterol acyltransf erase, the enzyme 
responsible for esterificatlon of cholesterol. This esterifi- 
cation prevents the toxic accumulation of free cholesterol 
in liver and increases the availability of esterified choles- 
terol for export in the form of VLDL. Repression of SCD 
activity by PUFAs could lower the amount of cholesterol 
transported from the liver to the peripheral tissues by lim- 
iting the availability of oleic acid or fatty acids in general. 
Indeed PUFAs mainly of the n-3 series have been shown 
to exhibit beneficial effects by decreasing plasma lipids 
and lipoproteins (23). On the other hand, induction of 
SCD activity by saturated fatty acids and cholesterol would 
increase plasma lipids and lipoproteins thus leading to 
cardiovascular disease. 

SCD activity has also been shown to be elevated in the 
adipose tissue of various animal models of obesity (26) 
and a positive correlation between SCD activity in skeletal 
muscle and the percentage of body weight has been re- 
cently reported in human subjects (27). Mice that lack the 
obese gene (ob) are characterized by a 5-fold higher depo- 
sition of body fat than their lean counterparts. The only 
consistent change in the fatty acid composition, iiowever, 
is an increase in palmitoleic acid (16:ln-7) as a result of 
increased SCD activity (28). In type II diabetes. SCD levels 
are increased, presumably in response to Increased levels of 
plasma insulin (28). 

The regulation of the SCD activity may also affect can- 
cer growrth. There is accumulating evidence supporting 
the hypothesis that a change in CIS fatty acid saturation is 
important in cancer promotion (29, 30) . The higher level 
of oleic acid In malignant cells accounts for increased 
membrane fluidity. In general, increased membrane fluid- 
ity leads to increased cell metabolism and also higher divi- 
sion rates, features characteristic of cancer cells (29). 
Stearic acid delays the appearance of spontaneous mam- 
mary tumors in mice and growth of carcinogen-induced 
mammary tumors in rats (30). Stearic acid also inhibits 
mammary carcinogenesis in vivo (31) . On the other hand, 
increased oleic acid has been reported to be associated 
with colorectal and mammary tumors (29) and increases 
malignant cell growth in vitro (31). Thus, one possible 
mechanism of the anti-cancer activity of certain classes of 
fatty acids such as sterculic acid and thia fatty acids is to 



alter the ratio of saturated to monounsaturated fatty acids 
by reducing SCD activity (32, 33). 

Essential fatty acids (EPAs) are required for normal 
function of mammalian tissues and the lack of EPAs in the 
diet causes a human and animal disease knovm as essen- 
tia! fatty acid deficiency (34). In skin It is manifested as a 
severe scaly lesion accompanied by chronic epidermal hy- 
perproliferation. abnormal differentiation, and abnormal 
cutaneous barrier function (34) . These symptoms are ac- 
companied by the relative abundance of the monounsat- 
urated fatty acids, mainly oleate and palmitoleate, suggest- 
ing an increase in SCD activity (34) . The severity of the 
symptoms is lessened upon treatment with linoleic acid, 
which reduces the levels of CI8:1 and C16:I presumably 
by reducing SCD activity. Other studies using the human 
skin model have shown that ail-trans retinoic acid stimu- 
lates the growth of EFA-supplemented keratinocytes while 
increasing the levels of C 16; I in ceils (35), suggesting a 
role of all-fra/js retinoic acid in the regulation of the SCD 
in skin diseases. 

Reguladon of oleic acid synthesis by SCD in the periph- 
eral nervous system has been linked to myelin synthesis 
(36), During mouse postnatal development, the total SCD 
activity measured in sciatic nerve homogenates is high 
and the proportion of oleate rises in sciatic nerve during 
the first 3 weeks of development. However, this rise in 
SCD activity and oleate levels does not occur in the demy- 
elinating mutant mouse trembler (36).. Oleate is the major 
fatty acid in the peripheral nervous system (PNS) myelin, 
comprising between 35 and 45% of the fatly adds of sci- 
atic nerves. Repression of expression of SCD in the PNS 
could therefore lead to demyelination. a serious neurolog- 
ical disorder. 

Immune tissues are susceptible to changes in prolifera- 
tion and differentiation in response to PUPA. Previous 
studies have shown stearic acid to be a potent inhibitor of 
T-tyriiphocyte proliferation and function (44). The suscep- 
tibility of T- lymphocytes to stearate is due to their unique 
deficiency in SCD activity (44). By contrast, stearate levels 
do not affect B-lymphocytes because they express an SCD 
isoform that converts stearate to oleate. Such a fundamen- 
tal difference between B- and T-lymphocytes indicates a 
cell type-specific expression with regard to SCD. PUFAs 
have been shown to repress the expression of the desatu- 
rase activity in B-lymphocytes reducing the levels of C18:l 
(44). The repression of SCD and subsequent decrease in 
oleate composition of the lymphoq^te membrane could 
affect B-lymphocyte function. 

Thus there is substantial evidence linking SCD activity 
to a wide range of disorders including obesity, diabetes, 
cardiovascular disease, skin disease, neurological disor- 
ders, and cancer. However, causal relationships between 
SCD activity and these various disease states remain un- 
clear. Many mechanisms may exist for regulating the activ- 
ity of SCD by fatty acids and cholesterol in different dis- 
ease states. Some evidence has been provided that some 
PUFAs such as sterculic acid and thia fat^ acids directly 
inhibit the SCD activity (32, 33). However, studies of liver, 
lymphocyte, brain, and adipocytes indicate that the effects 
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of PUFAs and cholesterol on SCD activity are at the level 
of gene expression (6, 9, 10, 18, 36, 42, 44-47, 54). 



DIETARY N-6 AND n-3 POLYUNSATURATED FATTY 
ACIDS REPRESS SCD GENE EXPRESSION 

In 1978. Jeffcoat and James (43) reported a 60% de- 
crease in hepatic SCD enz5TOe activily of rats fed a diet con- 
taining 60% linoJeic acid. This charge in enzyme activity 
Vie now know is due to altered gene expression (46, 48-54) . 
Two mouse SCD genes (SCDl and SCD2) are well charac- 
terized and are being studied in response to dietary and 
hormonal changes. At the moment it Is not clear why two 
SCD isoforms exist in the mouse and rat. Under normal di- 
etary conditions the hepatic SCDl mRNA levels are low. 
However, when the mice are fed a fat-free high-carbohydrate 
diet, the SCDl mRNA is induced about 50-fold (16, 48, 
54). This induction is caused by either insulin or carbohy- 
drate (47) . The SCD2 gene is not expressed under either 
dietary condition. The inducdon of the SCDl mRNA by a 
fat-free diet suggested that a fat component present in the 
chow diet represses the expression of the SCDl gene in 
liver. The fat component that represses hepatic SCDl 
gene expression has been established to be PUFAs of the 
n-3 and n-6 series. Thus, when the fat-free diet is supple- 
mented with various triglycerides containing linoleic (18:2n- 
6), arachidonlc f20:4n-6), and linolenic (I8;3n-3) acids, 
SCDl mRNA expression is repressed whereas triglycerides 
containing saturated (i.e., C18:0 and C16:0) and monoun- 
saturated fatty adds (C16;I and C18:1) have very little ef- 
fect (16). Similar results have been obtained with primary 
hepatocytes (46) . The degree of dcsaturation was related to 
repression as 20;4n-6 was more potent than 18;2n-6. In 
general, as shown in several other studies (55), long chain 
PUFAs [e.g., 18:2n-6, 18:3n-3, 18:3n-6, 20:4n-6, 20;5n-3, 
22:6n-3] repress the expression of the genes that encode 
lipogenic enzymes including SCDl. The basic require- 
ment for a dietary fatty acid to inhibit expression of lipo- 
genic genes had been proposed to be that it should con- 
tain 18 carbons and possess at least 2 conjugated double 
bonds in the 9 and 12 positions (56). However, recently 
we have found that the translO, cislZ isomer of conjugated 
linoleic acid also represses SCD mRNA expression in liver 
(53) but this fatty acid does not contain a double bond at 
position 9. It contains double bonds at positions 6 and 8 
from the w-carbon. The only double bond position that 
conjugated linoleic acid and other polyunsaturated fatty 
acids share is at position 6, The inhibitory effects that con- 
jugated linoleic acid and other polyunsaturated fatly acids 
have on the expression of the SCDl mRNA levels may be 
related to the position and orientation of just one of the 
double bonds present in ail these fatty acids. This infor- 
mation could become important in determining the struc- 
ture of the polyunsaturated fatty acids that Inhibit gene 
expression. 

In adipose tissue of lean and obese Zucker rats, Jones et 
al. (26) observed a 75% decrease in SCDl mRNA when 
both groups were fed a diet high in polyunsaturated fatty 



acids relative to a control diet. Interestingly, the SCDl 
mRNA content was much higher in obese rats compared to 
norma! rats both with and without PUFA supplementation 
(26). Similar results have been obtained with tissue culture 
systems as well (26, 52). In the 3T3-L1 adipocyte cell line, 
arachidonlc acid decreased SCDl mRNA expression in a 
dose-dependent manner (80% maximum repression), as 
did linoleic, linolenic, and eicosapentaenoic EPA acids 
(52). Inhibiting eicosanoid synthesis did not prevent the 
PUFA suppression of SCDl gene expression in adipocytes, 
suggesting that the oxidative metabolism of arachldonic 
acid to eicosanoids is not involved in the arachidonic acid- 
mediated decrease of SCDl mRNA expression in 3T3-L1 
adipocytes (52). Furthermore, as indicated nbove, the de- 
saturase gene expression is repressed by a range of PUFAs, 
some of which do not give rise to eicosonoids, suggesting 
that repres^on of SCD mRNA expression is PUFA-specific. 

The regulation of SCD gene expression by PUFAs has 
also been observed in other tissue types such as brain and 
the immune tissues. In the brain of neonatal mice, SCD2 
mRNA expression is increased in response to feeding di- 
ets rich In 18:2n-6 (17). It was suggested that the induc- 
tion of SCD2 serves to provide oleic acid for the synthesis 
of myelin (17). In contrast, SCD2 expression in the adult 
animal is constitutive and not influenced by dietary PUFAs 
(10, 17). In various lymphoid cells SCD 2 mRNA expres- 
sion is inhibited by 20:4n-6 (18. 44, 45). Stearic acid 
(18:0) is a potent inhibitor of T-lymphocyte proliferation 
and function because, in contrast to B-Iymphocytes, T- 
lymphoq^tes do not express the SCD2 gene (18). How- 
ever, immature thymocytes and some T-lymphocyte-derlved 
cell lines do express SCD2 mRNA consistent with a devel- 
opmental down-regulation of the SCD gene within the 
thymus. SCDl gene expression, on the other hand, is not 
detected in any of the lymphoid cells. Such a fundamental 
difference between B- and T-lymphocytes indicates a cell- 
type specific gene expression with regard to SCD gene ex- 
pression. As in adipocytes, the inhibitory effect of 20;4n-6 
on SCD2 mRNA expression in B-lymphocytes was inde- 
pendent of arachldonic acid metabolism by either the 
lipooxygenase or cyciooxygenase pathway. By using pro- 
tein synthesis inhibitors It was shown that the arachidonic 
acid-mediated effects on SCD2 mRNA expression were in- 
dependent of new protein synthesis (45). 

The list of tissues in which PUFAs regulate the expres- 
sion of the SCD genes continues to grow indicating that 
PUFA action on the SCD genes is much more widespread 
than originally thought. "I^e differential effects of PUFAs 
on gene expression may explain the numerous beneficial 
as well as detrimental effects attributed to various dietary 
fats in different tissues. 



MECHANISMS OF POLYUNSATURATED FATTY ACID 
CONTROL OF SCD GENE EXPRESSION 

A. Transcriptional control 

The molecular mechanisms by which PUFAs regulate 
SCD gene expression in different tissues are still poorly 
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understood, although progress has been made in the last 
few years. PUFA-mediated suppression of SCDl expres- 
sion in liver and primary hepatocytes and of SCD2 ex- 
pression in lymphocytes was shown to be largely due to a 
decrease in their rates of gene transcription (16, 45, 46, 
48-5 1 , 54, 57) . Therefore, many recent studies have been 
predicated on the hypothesis that a cff-actii^ PUFA re- 
sponsive element (PUFA-RE) exists in the promoters of 
SCD genes to which a transcription factor binds, thus 
blocking transcription. Using deletion analysis, we local- 
ized the SCDl and SCD2 PUFA-REs to a 60 bp region in 
each of their promoters (57) . This is the only region of 
high sequence homology within the promoters of the two 
SCD genes as depicted in Fig. 2. The PUFA-RE of the rat 
S14 and pyruvate kinase genes have also been mapped 
(55, 56, 58, 59) and were found to share homologous se- 
quences. However, these PUFA-REs are not homologous 
to those of SCDl or SCD 2, 

PUFAs are known to activate nuclear transcription fac- 
tors termed peroxisome proliferator-activated receptors 
(PPARs) and have, therefore, been hypothesized to be die 
endogenous activators of this receptor (56). Both peroxi- 
some proliferators and PUFA (56, 60) repress lipogenic 
genes, such as S14 and fatty acid synthase. However, the 
PUFA suppression of these genes does not require peroxi- 
some proliferator activator receptors (61, 62). Peroxisome 
proliferators and polyunsaturated fatty acids in adipocytes 
(63, 64) also repress the GLUT4 gene expression. It was 
speculated that the PUFA-RE in the GLUT4 gene is re- 
lated to the peroxisome proliferator responsive element 
(PPRE). We hypothesized that PUFA-actlvated PPAR, 
along with its heterodimeric partner retinoic add X recep- 
tor (RXR), might repress SCDl gene transcription. Unex- 
pectedly, our studies (49) on the effects of peroxisome 
proliferators on SCDl gene expression showed that PUFA 
and peroxisome proliferators had opposing effects on the 
SCDl mRNA levels in mouse liver. Unlike the SJ4 and 
fatty acid synthase genes, peroxisome proliferators in- 
duced the expression of the SCD gene. In addition, tran- 
sient transfection experiments localized the SCDl PPRE 
to an area of the SCDl promoter that is distinct from the 
PUFA-RE (49). This indicates that different mechanisms 
account for the transcriptional regulation of the SCDl 
gene by peroxisome proliferators and PUFA and suggests 
the existence of a putative PUFA binding protein (54). 

The search for a PUFA-specific transcription factor for 
SCD gene repression has now become a major focus in 
our laboratory. We demonstrated the binding of nuclear 
proteins to the PUFA-RE of the SCDl and SCD2 genes by 
DNA mobility shift analysis (57) . Two of the proteins that 
bind to specific regions within the PUFA-RE of the SCD 
genes have been identified by Tabor and coworkers (65) 
and they are the sterol regulatory element binding pro- 
teins (SREBPs) and the CCAAT-binding factor/nuclear 
factor Y or NF-Y. While the expression vectors containing 
the cDNAs corresponding to SREBP-1 and SREBP-2 acti- 
vate the expression of the SCD genes both in vitro and in 
vivo (65. 66-69), die SREBPs do not by themselves seem 
to directly mediate PUFA repression of the SCD genes 



(see below). Our current model indicates that PUFAs 
bind to a putative PUFA-binding protein (PUFA-BP) and 
repression of transcription occurs upon the binding of 
the PUFA-BP to the PUFA-RE of the SCD genes (Fig. 3). 
Crosstalk between the putative PUFA binding protein and 
the SREBP or NFY-1 is also su^ested. 

B. Post-transcriptional control 

Studies on the SCD genes in mature adipocytes and in 
yeast have shown that the effect of PUFA on these genes 
could be at the level of mRNA stability (52. 70). When 
added to cultures of fully differentiated 3T3-L1 adipo- 
cytes, arachidonic acid decreased the SCDl mRNA half- 
life from 8 h to 4 h (52) . By contrast, oleic acid and stearic 
acid did not affect SCDl mRNA stability. Therefore, this 
response is unique to PUFAs, Arachidonic acid also de- 
creased the stability of the SCD2 transcript (A. Sessler and 
J. M. Ntambi. unpublished results). Although transcrip- 
tional regulation could not be completely ruled out, changes 
in transcriptional rates were not detected, suggesting that 
transcriptional regulation does not play a significant role 
in PUFA suppression of adipocyte SCD gene expression !n 
mature adipocytes (52). The observed reduction in en- 
zyme activity (60%) could be completely accounted for by 
decreases in SCDl mRNA levels (80%). Thus, there ap- 
peared to be no additional down-regulation occurring 
post-translationally. Therefore, in contrast to what occurs 
In hepatocytes, changes in mRNA stability are the major 
determinant of SCDl mRNA abundance in adipocytes in 
response to PUFA. 

Destabilization of SCD mRNA in adipocytes may be reg- 
ulated through mRNA sequences in the 3 '-untranslated 
region (UTR). The mouse, rat, and human SCD cDNAs 
contain an unusually long 3'-UTR (9-12, 71). The role of 
such a long 3'-noncoding stretch is currently unknown, 
though it contains several structural motifs (e.g., AUUUA) 
characteristic of mRNA destabilization sequences (52), 
Four of these sequences are clustered close to the 3 '-end 
of the coding region. Because these AU-rich elements 
(ARE) play active roles in the selective degradation of sev- 
eral mRNAs In response to various factors, these sequences 
could be possible targets of PUFA effects on SCDl and 
SCD2 mRNA in adipocytes. In yeast, PUFAs act through 
sequences In the 5'-UTRs to decrease the OLEl mRNA 
stability (70). Northern blot analysis shows that the human 
SCD gene gives rise to two mRNA transcripts of 3.9 and 
5.2 kb which arise as a consequence of the two polyaden- 
lyation signals, indicating Chat the two differently ex- 
pressed transcripts encode the same SCD polypeptide 
(12). I'he function of the polyadenylation is not known 
but could be in addition to the transcriptional control, a 
means by which the two transcripts differ in stability or 
translatability thus allowing for rapid and efficient changes 
in cellular environment (12). 

The work on SCD gene regulation by PUFA in adipo- 
cytes suggests that PUFA regulate SCD gene expression 
through different mechanisms In different tissue types, 
the reasons for which are not yet understood. However, 
SCD gene provides a good model to study the effects of 
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CHOLESTEflOL'- 




Fig. 3. Pathways of SCD regulation by PUFA and cholesterol. PUFA and cholesterol repress the maturation of the sterol regulatory ele- 
ment binding protein (SREBP) via the SREBP cleavage-activating protein (SCAP) that would otherwise translocate from the endoplasmic 
reticulum (ER) into the nucleus to activate the transcription of the SCD genes by binding to the sterol regulatory element (SRE). PUFAs ei- 
ther from the diet or membrane phospholipid (mPL) independently bind the putative binding protein (PUFA-BP) and the PUFA and 
PUPA-BP complex represses transcription of the SCD genes by binding to the polytinsaturated fatty acid response element (PUFA-RE). 
\«o pathways is designated by the dashed arrow. 



PUFA on mRNA stability. The ongoing search in our lab 
and others for possible protein mediators that destabilize 
SCDl njRNA rfiould provide further definition to the molec- 
uiar basis of PUFA regulation of lipogenic gene expression. 



CHOLESTEROL AS A REGULATOR OF SCD 
GENE EXPRESSION 

Nearly two decades ago, Chin and Chang (72) demon- 
strated that there was an increase in the SCD enzyme ac- 
tivity when Chinese hamster ovary cells were incubated 
with lipid-depleted media. They noted that the desaturase 
activity was reduced when the medium was supplemented 
with cholesterol. Subsequendy, mutants were isolated that 
failed to induce enzymes involved in both cholesterol and 
monounsaturated fatty acid biosynthesis. Revertants were 
able to synthesize both cholesterol and monounsaturated 
fatty acids concomitantly. Using differential display tech- 
niques to identify genes that are transcriptionally acti- 
vated by sterol regulatory element binding proteins 
(SREBPs). Tabor et al. (65) redoned the SCD2 cDNA 
from Chinese hamster ovary cells and demonstrated that 
the SCD2 mRNA expression is repressed in these cells 
when cultured in the presence of cholesterol. These in 
vitro studies using the Chinese hamster ovary cells showed 
that, like PUFAs, cholesterol represses the expression of 
the SCD genes and enzyme activities. 

There are in vivo rat studies, however, that show that 



contrary to results in vitro, high levels of cholesterol can 
induce SCD gene expression. In one study, feeding rats 
with various diets supplemented with cholesterol in- 
creased SCD en^me activity and SCD mRNA levels in 
liver (40-42). The increase in SCD enzyme activity corre- 
lated with increased synthesis of oleic acid and its en- 
hanced incorporation into cholesteryl esters. Another 
Study considered the expression of the SCD mRNA In 
LXRa receptor knocltout mice (73). LXRa is the oxy- 
sterol receptor that mediates regulation of gene expres- 
sion by cholesterol or its metabolites (73, 74). Mice lack- 
ing LXRa receptor expressed low levels of SCD mRNA in 
the presence or absence of cholesterol feeding while the 
wild-type animals fed 2% cholesterol had their SCD 
mRNA levels up-regulated 4-fold (72). As expected, the 
mRNA levels corresponding to several enzymes Involved 
in cholesterol biosynthesis were up-regulated in the LXRa 
knockout animals and down-regulated in the wild-type an- 
imals upon cholesterol feeding. These in vivo studies 
would be consistent with the possibility that the liver, 
when challenged with excess cholesterol, increases SCD 
activity in order to provide oleoyl-CoA as a substrate for 
cholesterol esterificatlon and storage to package into 
VLDL for secretion and transport to other tissues. As es- 
terified cholesterol does not down-regulate the LDL re- 
ceptor, the liver can continue cholesterol uptake and pre- 
vent hypercholesterolemia. It is not clear from the in vivo 
studies whether cholesterol or its metabolites induce the 
transcription of the SCD I through the LXRa or indirectly 
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through the regulation of the SREBPs. It is not known 
whether the induction of SCD gene expression by choles- 
terol is liver-specific or occurs in other tissues as well. 

There are other studies that support cholesterors regu- 
lation of SCD expression In vivo. Female mice express 
higher levels of SCD mRNA than male mice (75). The un- 
derlying mechanistic basis for the higher levels of expres- 
sion of SCDl gene in female mice is unknown but it could 
he due to differences in levels of hormones such as estro- 
gen and testosterone which are synthesized from choles- 
terol. Estrogen administration causes a remarkable in- 
crease of plasma lipids in mice and of VLDL in avian 
species (76). Androgens stimulate the expression of the 
stearoyl-CoA desaturase in the sebaceous glands of ham- 
sters (77). Estrogen has also been shown to induce SCD 
activity In rooster liver (78) but whether this occurs at the 
level of gene expression has not been established. Several 
peroxisome prollferators induce SCD activity differently 
in males than in females and this difference has been 
shown to be due to higher levels of testosterone In males 
(79). Thus, the differences in SCDl gene expression may 
aid our understanding of how certain gender-related 
diseases such as cancer, diabetes, obesity, and heart dis- 
ease are influenced by dietary fat lipid saturation and ste- 
roid hormones. 



TRANSCRIPTIONAL REGULATION OF SCD GENES 
BY STEROL REGULATORY ELEMENT 
BINDING PROTEINS (SREBPs) 

Transcriptional activation of genes containing sterol re- 
sponsive element (SRE) is known to be under the regula- 
tion of sterols through modulation of the proteolytic mat- 
uration of the sterol responsive element binding proteins 
(SREBP-1 and SREBP-2) (80. 81). The SREBPs are in- 
serted into the membrane of the endoplasmic reticulum 
envelope in a wide variety of Ussues, In sterol-deficlent cells, 
proteolytic cleavage of SREBPs releases their N-terminal 
mature forms from the membrane, enabling them to enter 
the nucleus, where they bind to the SREs and activate 
genes involved in cholesterol, triglyceride, and fatty acid 
biosynthesis (66-69), In the presence of sterols, the pro- 
teolytic process is inhibited and the transcripdon of the 
genes is reduced because little SREBP is available to acti- 
vate their transcription. 

Tabor and coworkers (65) showed that the transcrip- 
tion of the mouse SCD2 is regulated in response to alter- 
ations in either levels of sterols or the levels of nuclear 
SREBP/ADDl. Increased expression/nuclear localiza- 
tion of SREBP-1 and SREBP-2 after incubation of cells in 
sterol-depleted medium was sufficient to enhance tran- 
scription of the SCD2 gene and resulted in increased 
SCD2 mRNA levels. The observation that hepatic SCDl 
and SCD2 mRNA levels were induced in transgenic mice 
that overexpress SREBP-1 and SREBP-2 (67-70), leading 
to increased synthesis of monounsaturated fatty acids, is 
consistent with the direct transcriptional activation of the 
SCDl promoter by SREBPs. The in vivo experiments with 



LXRot knockout mice alluded to above suggest that LXRa 
is involved in the activation of SCD gene transcription by 
cholesterol or its metabolites. This is similar to the activa- 
tion of the gene encoding cholesterol 7a-hydroxylase, a rate- 
limiting enzyme in bUe add biosynthesis (74). In the LXRot 
knockout mouse it was also shown that SREBP-1 mRNA and 
protein levels are reduced and that SREBP-1 mRNA was 
induced only in wild-type animals fed 2% cholesterol in 
their diets, suggesting tixat cholesterol regulates the ex- 
pression of SREBP through LXRa. If this is the case, then 
the In vivo experiments would imply that LXRa indirectly 
regulates the SCD expression by controlling SREBP-1 ex- 
pression. This phenomenon would be consistent with 
studies of the tran^enic mice expressing a constitu lively 
active form of SREBP-1 in which fatty acid-synthesizing en- 
zymes are dramatically elevated resulting in a fatty liver 
phenotype (67). These studies would also be consistent 
with the in vitro results that show activation of the SCD 
gene expression by SREBPs. 

A novel sequence in the PUFA-RE of the SCD2 gene 
that functions as an SRE has been identified (65). This se- 
quence (5'AGCAGATTGTG3'), shown to bind purified 
SREBP, is distinct from previously described SREs. It does 
not contain the direct repeat nor does it contain a func- 
tional E-box (65), but within its vicinity are two CCAAT 
boxes for the binding of NF-Y (Fig. 2). SREBP and NF-Y 
have been shown to dimerize in the activation of the steroi- 
dependent transcription of several sterol-regulated genes 
(81-84) and it is more than likely that both transcription 
factors are required in cholesterol regulation of the SCD 
genes. 

PUFAs and oleic acid have been shown to reduce the 
expression of promoters with sterol regulatory elements 
by inhibiting the proteolytic maturation of SREBP (85, 
86). These studies suggest that the SREBP participates in 
the repression of the SCD gene transcription by PUFA. In 
addition, oleic acid has been shown to potentiate the mat- 
uration of SREBP by sterols in CHO-Kl cells (86). How- 
ever, oleic acid could not reduce the transcription of the 
SCD genes both in vivo and in vitro (16, 45, 57). Thus, 
SREBP maturation does not seem to exhibit the selectivit}' 
required to explain PUFA control of SCD gene transcrip- 
tion. Transfection of the SCD2 promoter constructs con- 
taining the PUFA-RE linked to a reporter gene in HepG2 
cells results in repression of reporter gene expression in 
the presence of cholesterol and PUFAs (65) . However, the 
SREBP or the NF-Y elements on their own do not mediate 
PUFA repression in a heterologous context (57) but 
PUFA repression is observed only when the entire 60 bp 
PUFA-RE is used in a heterologous context (57). There- 
foic, althoi]gh there are indications that SREBP matura- 
tion as well as binding of the SREBP and NF-Y to the 
PUFA-RE are involved in PUFA repression, there is strong 
evidence for the existence of an SREBP-independent mech- 
anism involving a putadve PUFA-bindIng protein (F^, 3) 
through which PUFAs repress SCD gene expression. 
Crosstalk could exist between the SREBP, NF-Y, and the 
putative PUFA binding protein. More research is required 
in this area to resolve this issue. 
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CONCLUSION AND FUTURE DIRECTION 

Research in the past few years has confirmed the impor- 
tance of PUFAs and cholesterol as universal cellular regu- 
lators. The discovery that lipids can affect gene transcrip- 
tion, and thus modulate the cell's metaboHc state, is 
essential to our understanding of responses to dietary 
changes. Both PUFAs and cholesterol can control the syn- 
thesis of monounsaturated fatty acids in liver by regulating 
the expression of the SCO genes. PUFAs regulate expres- 
sion of SCD in other tissues as well. Whether cholesterol 
regulates SCD gene expression in tissues other than the 
liver needs further investigation. The role of SREBF in 
mediating the action of cholesterol is well established 
through several elegant studies but its role in the regula- 
tion of gene expression by PUFA needs more study. It is 
very interesting that the SCD PUFA-RE and SRE overlap, 
but our current understanding of SCD gene expression 
suggests an SREBP-independent pathway of PUFA repres- 
sion of gene expression. Several lipogenic genes such as 
FAS and S14 arc also regulated by PUFA and cholesterol 
but the regulation of the SCD gene assumes greater impor- 
tance when we consider the multitude of human diseases in 
which abnormal synthesis of monounsaturated fatty acids is 
a factor. Further elucidation of the mechanisms by which 
PUFA and cholesterol alter cellular monounsaturated fatty 
acids is therefore needed to understand the impact of SCD 
gene regulation in various human disease states.flB 
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Targeted Disruption of Stearoyl-CoA Desaturasel Gene in IVIice Causes 
Atrophy of Sebaceous and Meibomian Glands and Depletion of Wax Esters 
in the Eyelid^ 

Makoto Miyazaki,* Weng Chi Man* and James M. Ntambi*"'"^ 

Departments of *Biochemistry and ^Nutritional Sciences, University of Wisconsin, Madison, Wl 53706 



ABSTRACT Stearoyl-CoA desaturase (SCD) is a microsomal rate-limiting enzyme in the cellular syntliesis of 
monounsaturated fatty acids (MUFA), mainly oleate (18:1) and palmitoleate (16:1), which are the major MUFA of 
membrane phospholipids, cholesterol esters and triglycerides. Three well-characterized isoforms of SCD, SCD1 , 
SCD2 and SCD3, exist in mice. To investigate the physiologic functions of SCD1, we generated SCD1 null 
(SCD1 -/-) mice. The skin and eyelid of SCD1 -/- mice are deficient in triglycerides and cholesterol esters, and 
the eyelid also is deficient in wax esters. Furthermore, the eyelid and skin of SCD1 -/- mice have higher levels of 
free cholesterol. SCD1 ~/~ mice develop cutaneous abnormalities and nan-ow eye fissure with atrophic sebaceous 
and meibomian glands. Consumption of diets containing high levels of oleate, failed to restore the levels of 
triglycerides, cholesterol esters and wax esters in SCD1 -/- mice to the levels found In the eyelid of wild-type mice. 
These results reveal a physiologic role of SCD in cholesterol homeostasis as well as in the de novo biosynthesis 
of cholesterol esters, triglycerides and wax esters required for normal skin and eyelid function. J. Nutr. 131: 
2260-2268, 2001. 
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Stearoyl-CoA desaturase (SCD)^ is a rate-limiting enzyme 
in the biosynthesis of monounsaturated fatty acids (MUFA), It 
catalyzes the A9-c!5 desaturation of acyl-CoA substrates; the 
preferred substrates are palmitoyl-CoA and stearoyl-CoA, 
which are converted to palmitoleyl-CoA and oleoyl-CoA, 
respectively (1). The resulting MUFA are substrates for incot' 
poration into membrane phospholipids, triglycerides and cho- 
lesterol esters. Studies in mice and rats have shown that SCD 
expression is highly regulated by diet, hormonal factors, de- 
velopmental processes, temperature, metals, alcohol, peroxiso- 
mal proliferators and phenolic compounds, resulting in the 
alteration of the fatty acid composition of membrane phos- 
pholipids, triglycerides and cholesterol esters (2). Effects on 
the composition of membrane phospholipids ultimately deter- 
mine membrane fluidity, whereas the effects on the composi- 
tion of cholesterol esters and triglycerides can affect lipopro- 
tein metabolism and adiposity. Thus, the regulation of SCD is 
of considerable physiologic importance, and alteration in SCD 
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activity has been implicated in a wide range of disorders| 
including diabetes, atherosclerosis, cancer and obesity (2-4)^- 

A number of mammalian SCD genes have been cloned.o 
Two SCD genes have been cloned in rats and four have beengi 
cloned from mice, three of which (SCDl, SCD2 and SCD3)| 
are well characterized (3,5-8). A single human SCD gene that^ 
is highly homologous to the rat and mouse SCD genes wai§- 
cloned and characterized (9). Despite the fact that the mouse^ 
rat and human SCD genes are structurally similar, sharing' 
~87% nucleotide sequence identity in the coding regions,§ 
some portions of their 5' flanking regions differ, resulting inc 
divergent tissue-specific gene expression. In some mouse tis^ 
sues such as the skin, the three SCD gene isoforms are ex-w 
pressed (8). The physiologic importance of having two or morej^ 
SCD isoforms expressed in the same tissue is not currentlyg 
known but could be related to the substrate specificity of each"^ 
SCD isoform or the means by which cells compartmentalize 
lipid biosynthesis for specific functions (10). 

The existence of multiple SCD genes in mouse and rat 
tissues makes it difficult to determine the role of each gene in 
lipid metabolism. Most previous studies have assessed SCD 
gene function by measuring mllNA expression but have not 
differentiated which SCD isoform is responsible for the altered 
total SCD activity. A clue to the physiologic role of the SCDl 
gene and its endogenous products (MUFA) has come from 
recent studies of the asebia (ab') mutant mouse strain (11), 
which has an extensive riatural deletion in the SCDl gene. 
Another mutant strain (ab"^')! which shows a splice junction 
deletion of exon 2 in the SCDl gene and is allelic with the ab*, 
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FIGURE 1 Generation of the SCD1 null mice, t^) Targeting strat- 
egy for disruption of the SCD1 gene. A neomycin-resistant cassette 
repiaced the 6 exons of the gene by homoiogous recombination, re- 
sulting in ttie replacement of the complete coding region of the SCD1 
gene. Gene-targeting events were verified by Southern blot analysis 
using EcoRI and probe 1 or 2 or by polymerase chain reaction (PGR) 
analysis. (S) PGR analysis of DNA isolated from different genotypes of 
F1 offspring using appropriate primers. The 425-bp fragment detected 
represents the mutated allele. In breeding heterozygotes, wild type, 
heterozygotes and homozygotes were fcrorn In Mendelian feishion (+/ 
+:+/-:-/- = 21:43:20). (C) Northern biot analysis for the expression 
of SGD1 and 2 mRNA. Total RNA {20 /xg) isolated fi-om the liver, eyelid, 
white adipose tissue (WAT}, brain, eyebaii and sidn of wild-type, 
SCD1 +/- and SCD1 -/- mice pooled from 5 mice of each group was 
subjected to Northern blot analysis followed by hylwldlzatlon with la- 
beled probes specific for SCD1 and SCD2 cDNA. A cDNA probe for 
pAL15 (16) was used to confirm equal loading, (p) SOD enzyme activity 



has recently been described (IZ). The homozygous ab^' SCDl 
nnutant mouse is similar to the ab' mouse except for the extent 
of epidermal thickness, scaling and epidermal permeabihty 
barrier as measured by transepidermal water loss methods (12). 
The basis for the difference in phenotype between these two 
mutant mouse strains is not presently understood but has been 
attributed to modification of gene effects by strain background 
(12). To further explore the physiologic roles of the SCD gene 
isoforms, we generated mice with a targeted disruption of the 
SCDl gene. Our results indicate that SCDl plays a major role 
in the de novo synthesis of triglycerides, cholesterol esters and 
wax esters required for normal skin and eyelid function. 

MATERIALS AND METHODS 

Qeneration of the SCDl knockout mice. Mouse genomic DNA 
for the targeting vector was cloned from the 129/SV genomic library. 
The targeting vector construct was generated by insertion of a l.S-kb 
Xba I/Sac I fragment with 3' homology as a short arm and 4.4'kb Clag' 
I/Hind III fragment with 5' homology cloned adjacent to the nec| 
expression casserre. The constmct also contains a herpes simplexg" 
virus thymidine kinase cassette 3' to the I.8-kb homology arm,g- 
allowing positive/negative selection. The targeting vector was linear-Q- 
itcd by Not I and electroporated into embryonic stem cells. SelectiotB' 
with genettcin and gancyclovior was performed. The clones tesistan^. 
Co both geneticin and gancyclovior were analyzed by Southern blot^ 
after EcoRl restriction eniyme digestion and hybridized with a 0.4-kb& 
probe located downstream of the vector sequences. For polymeraseg-: 
chain reaction (PGR) genotyping, genomic DNA was amplified witlv= 
primer A (5'-GGGTGAGCATGGTGCTCAGTCCCT'3'), whicl| 
is located in exon 6, primer B (5'-ATAGCAGGCATGCTGGG-ib 
GAT'3'), which is located in the neo gene (425'bp product, targetec£ 
allele) and primer C (5''CACACCATATCTGTCCCCGACAA^- 
ATGTC-3'). which is located downstream of the targeting genc^ 
(600'bp product, wiW-type allele). PGR conditions were 35 cycles^' 
each of 45 s at 94 °C, 30 s at dZ'G and 1 min at 72°C. The targeteci, 
cells were mictoinjected into C57B1/6 blastocysts to generate the§i 
chimeric mice. The chimeric mice were then crossed with 129/SvEv« 
Taconic females to generate SCDl -/— mice having a genetic back-^ 
ground of SV1Z9. Mice were maintained on a 12-h dark/light cydS 
and were fed a nonpurified diet (5008 test diet; PMl Nutritior| 
Intematinal, Richmond, IN; hyyp://www,labdiet.com/5008.htm) oiS: 
semipurified diets containing 5 g/IOO g soybean oil (control diet) or" 
a high oleate oil (high 18:1 diet) (4). The semipurified diet waP 
purchased from Harlan Teklad (Madison, WI) and contained (peg 
100 g diet): 20 g vitamin-fee casein, 5.0 g soybean oil or high oleateg 
oil, 0.35 g L-cystlne, 13.2 g Malcodextrin, 51.7 g sucrose, 5.0 
cellulose, 3.5g mineral mix (AIN-93) (13), 1.0 g vitamin mix {A1N.° 
93) (13) and 0.3 g choline bitartrate. The fatty acid composition olo 
the experimental oils was determined by gas-liquid chromatography 
(GLC). The soybean oil contained (per 100 g oil): 1 1 g palmitic acid 
(16:0), 23 g oleic acid [18:l(n-9)], 53 g linoleic acid [18;2(n-6)I and 
8 g linolenic acid [I8:3(n'3)]. The high oleate oil contained (per 
100 g oil): 7 g 16:0, 50 g 18;l(n-9), 35 g 18;2(n-6) and 5 g 18:3(n-3). 
Homozygous (SCDl-/—), heterozygous (SCD1+/— ) and wikl-type 
(SCDI-I-/+) mice were housed and bred in a pathogen-free barrier 
facility of the department of Biochemistry operating on a 12-h light: 



and immunoblot analysis of SCD from livers of wild-type, SCD1 +/- 
and SCDl-/- mice. For enzyme activity, aiiquots of microsome frac- 
tion (100 fxg) frcOTi iivers of each group were incubated with a reaction 
mixture containing (1-"C]atearoyl-CoA for 5 min. The products were 
saponified and acidified and the fatty acids were extracted and sepa- 
rated by TLC. Enzyme activity is represented as nanomoles of sub- 
strate desaturated per milligram of protein per minute. Data are de- 
noted as the mean ± so (n = 3). For immunoblot analysis, aiiquots of 
membrane fraction (80 jug) from pooled livers of each group were 
subjected to 10% SDS poiyacrylamide gel electrophoresis followed by 
detection wim SCD antibody. 



MIYAZAKI ET AL. 











Fafiy add composition of severai tissue 


S from SCD+/+, 


Fatty 
















14:0 


16:0 


18:1 Cn-7) 


18:0 


18:1(n-9) 


18:1(n-7) 












g/100 g fstty scids 




Liver 














+/+ 


0.8 ± 0.1 


25.9 ± 1.1 


1.1 ± 0.2a 


b 

17 H + 9 tab 


1^ R + 


1.7 ± 0.2a 


+/- 


1.0 ± 0.1 


26.6 ± 0.2 


0.8 ± O.Oa 






1.4 ± 0.2a 




1 .0 ± 0.4 


27 2 0 3 


0.5 ± 0.1 b 


22.8 ± 0.3a 


10.6 ± 1.30 


1,0 ± 0.1 


F ~\'d 


















0£.U _ U.O" 










+/~ 


^ T + n T 


33.8 ± 1 ,6*'' 


23 + Ola 




17 R ^ n ^ 


97 + nib 




- 0-1 


34.2 ± 0.4a 


- 0-2 


- D.o 


17.6 _ 0,80 


1 .3 ± 0.4c 


Whit d' 

e adipose 














Bsue 


33^08 


27 5 + 0 8 


5 2 + 0 2a 




35.0 ± 0-5a 
















1,7 ± 0.2 ^ 


-/- 


9 7 + in 


28 9 ■+■ 1 5 




14 6 + 3 5a 


28.8 ± 0.2c 


















+/+ 


3 0 ■*- 0 9 


29.8 ± 0.9 


3 6 + 1 6a 


9 8 + 1 3b 






+/- 








13.0 ± 0.1a 


28.0 ± 2.3ab 


2.0 ± 0,03 a. 




3 1 -i- 0 0 


31 3 + 14 


16 + 0 311 

± 


15.3 ± 2.0a 


27.6 ± 0.3b 




Brain 












i 


+/+ 


1.1 ± 0.1 


26.6 ± 1.5 


0.9 ± 0.2 


23.0 ± 2.5 


17,2 ± 1.2 


3,1 ± 0.1 =■ 


+/~ 


1.0 ±0.3 


27.6 ± 0.8 


0,8 ± 0,1 


23.0 ± 2.8 


17.6 ± 1.0 


3.4 ± 0.4 g 


-1- 


1.1 ± 0.1 


26.7 i: 0.9 


0.6 ± 0.0 


22.7 ± 2.8 


17.0 + 2.1 


3.3 ±0.2 1 


Eyebalf 














+/+ 


2.9 ± 0,2 


30.5 ± 0.8 


1.5 ± 0.1 


27.8 ± 1.6 


18.6 ± 1.5 


2.6 ±0.9 b 


+/- 


2.9 ± 0.1 


31.5 ± 1.0 


1.3 ± 0.2 


27.8 ±1.1 


18,1 ±0.4 


2.2±0,6.<3 


~l~ 


3.1 ± 0,1 


31.6 ±1.2 


1.3 ± 0.2 


29.3 ± 2.0 


18.3 ± 0.7 


2.2 ±0,7 a 



1 Values are means ± so, n = 3. Values in column for a tissue with different letters are significantly different {P < 0,06, one-way A 

2 The mice were 3-mo-old males. Only the major fatty acids were presented, 

3 Abbreviations: +/+, wild-type mice; +/-; SCD1 heterozygous mice; -/-, SCD1 homozygous mice. 



dark cycle. The breeding of these mice is in accordance with the 
protocols approved by the animal care research committee {ACRC) 
of the University of Wisconsin-Madison. 

Materials, Radioactive [a-'^P]dCTP (111 TBq/mmol) was ob- 
tained from Duponr (Wilmington, DE), TLC plates (TLC Silica Gel 
G60} were from Merck (Darmstadt, Germany), [l-'''C]-sceaioyl-CoA 
was purchased from American Radiolabeled Chemicals (St Louis, 
MO). lmmobi!on-P transfer membranes were from Millipore (Dan- 
vers, MA). Enhanced chemiluminescence (ECL) Western blot de- 
tection kit was from Amersham-Pharmacia (Piscataway, Nj). All 
other chemicals were purchased from Sigma (St Louis, MO). 

Lipid analysis. Total lipids were extracted from tissues according 
to the method of Bligh and Dyer (14), and phospholipids, wax esters, 
free cholesterol, triglycerides and cholesterol esters were separated by 
silica gel high performance TLC (HPTLC). Petroleum hexane/di- 
ethyl ether/acetic acid (80:30:1, v/v/v) or benzene/hexane (65:35, 
v/v) was used as a developing solvent (15). Spots were visualiied by 
5.0 mmol/L 2',7''dichlorofluore3cein in 95% ethanol or by 0.63 
mol/L cupric sulfate containing 0.89 mol/L phosphoric acid. The wax 
ester, cholesterol ester and triglyceride spots were scraped, 1 mL of 
5% HCl-methanol added and heated at lOCC for 1 h (4). The 
methyl esters were analyzed by GLC using cholesterol heptadecano- 
ate, triheptadecanoate and heptadecanoic acid as internal standards. 
Free cholesterol (Free Choleterol C, Wako Chemicals, Japan), total 
cholesterol (Cholesterol CII, Wako) and triglyceride [Triglycerides 
(INT) 20, Sigma] contents of eyelid and skin were determined by 
enzymatic assays. 

Isolation and analysis of RNA. Total RNA was isolated from 
livers using the acid guanidinium-phenol-chloroform extraction 
method (16). Total EINA (20 p.g) was separated by 1.0% agarose/2.2 
mol/L formaldehyde gel electrophoresis and transferred onto nylon 
membrane. The membrane was hybridized with '^P-labeled SCDl 
and SCD2 probes, A pALlS probe was used as control for equal 
loading (4), 



SCD actiiAty assay. Stearoyl-CoA desaturase activity was mea-o- 
sured in liver microsomes essentially as described (17). Tissues were^ 
homogenized in 10 volumes of 100 mmol/L potassium buffer, pH 7,42" 
Tlie microsomal membrane fractions (100,000 X g pellet) wer^ 
isolated by sequential centrifugation. Reactions were performed at™' 
37°C for 5 min with 100 of protein homogenate and 60 fjmolIlP 
of [l-''*C]-scearoyl'CoA (60.000 dpm), 2 mmol/L of NADH and lOC^ 
mmol/L of Tris/HCl buffer (pH 7.2). After the reaction, fatty acid| 
were extracted and then methylated with 5% HCl/methanol. Satu-J^ 
rated fatty acid and MUFA methyl esters were separated by 100 gUP 
AgNOj -impregnated TLC using hexane/diethyl ether (9:1) as devel-o 
oping solution. The plates were sprayed with 5.0 mmol/L 2',T° 
dichlorofluorescein in 95% ethanol and the lipids were identified 
under UV light, The fractions were scraped off the plate, and the 
radioactivity was measured using a liquid scintillation counter. The 
enzyme activity was expressed as nmol/(min • mg protein). 

Immunoblotting, Pooled liver membranes from three mice of 
each group were prepared as described (18), The same amount of 
protein (25 ju,g) from each fraction was subjected to 100 g/L SDS- 
polyacrylamide gel electrophoresis and transferred to Immobilon-P 
transfer membranes at 4°C. After blocking with 10 g/100 mL nonfat 
milk in Tris buffered saline buffer (pH 8.0) plus Tween at 4°C 
overnight, the membrane was washed and incubated with rabbit 
anti-rat SCD as primary antibody and goat anti-rabbit immunoglob- 
ulin G-horseradish peroxidase conjugate as the secondary antibody. 
Visualiiatton of the SCD protein was performed with an ECL West- 
ern blot detection kit (Aniersham-Pharmacia). 

Histology. Tissues were fixed with neutral-buifered formalin, 
embedded in paraffin, sectioned and stained with hematoxylin and 
eosin as described (19). 

Statistical analysis. Stastistical analysis of the data was carried 
out using StaView (Abacus Concepts, Berkeley, CA). Data were 
analyzed usir^ Student's t test or one-way ANOVA followed by 
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Fisher's least significant difiference test, A difiference of P < 0.05 was 
considered significant. Values are presented as tnearts ± SD. 

RESULTS 

Targeted disruption of the SCDl gene. Figure lA- shows 
the strategy that was used to disrupt the SCDl gene. The 
mutant mice were viable and fertile, and bred with predicted 
Mendeltan distributions. PGR of genomic DNA using the 
designated primers showed a band of 425 bp (Fig. IB) that 
would be expected in the SCDl-/- mice. The SCD1+/- 
DNA showed both the 425- and 600-bp fragments, whereas 
the wild-type DNA showed the expected 600-bp firagment. To 
determine whether the expression of the SCDl gene was 
ablated, we performed Northern blot analysis of mRNA iso- 
lated from several tissues (Fig. IC). SCDl mRNA was ex- 
pressed in liver, eyelid, white adipose tissue (WAT) and skin 
of wild-type mice, reduced by -50% in SCDl+/~ mice and 
undetectable in the SCDl-/- mice. SCD2 mRNA was ex- 
pressed at similar levels in the eyelid, WAT, skin, brain and 
eyeball of both SCDl—/— mice and wild-type mice but un- 
detectable in the liver, consistent with published results (2). 
SCD enzyme activity in liver, as measured by the rate of 
conversion of [l-^*C]stearoyl-CoA to [l-''*C]oleate (Fig. ID), 
was high in the wild-type mice, intermediate in the SCDl +/— 
and undetectable in the total extracts of livers of the 
SCDl-/- mice. Consistent with the Northern blot results. 
Western blot analysis showed high immunoreactive SCD pro- 
tein in liver from the wild-type, intermediate in the 
SCD1+/- and none in the SCDl-/- mice (Fig. ID). Table 
1 shows the fatty acid composition of liver, eyelid, WAT, skin, 
brain and eyeball. The relative amount of palmitoleate [16; 
l(n-7)] in Uver from SCDl—/— mice was 55% tower (P 



< 0.05) than in wild-type mice, whereas that of oleate [18§ 
l(n-9)] was 35% lower (P < 0.05). The relative levels o# 
palmitoleate in WAT and skin of the SCDl-/- mice were^ 
>70% lower than in wild-type mice (WAT, P < 0.01; skin, P§- 

< 0.01), whereas the decrease in the level of oleate in these|. 
tissues was -20% (WAT, P < 0.001; skin, P < 0.05). Thes^' 
changes in the levels of MUFA resulted in greater levels of thep 
corresponding saturated fatty acids (18:0 and 16:0) and lowei^ 
desaturation indices, indicating a reduction in desaturase ac-g 
tivity. The relative levels of 16:l(n-7) and 18:l(n-9) in liverg 
eyelid, WAT and skin of SCD+/- mice were between those^ 
of wild-type and SCDl-/- mice. In contrast to the liver^S 
WAT and skin, the brain, which expresses predominantly the"^ 
SCD2 isoform, had a similar fatty acid composition and unal- 
tered desaturation index both in the wild-type and SCDl-/- 
mice. We conclude that our disruption resulted in mice null 
for the SCDl gene and that the expression of SCD2 isoform 
does not compensate for SCDl deficiency. 

Qross pathology and histological examination of 
SCDl-/- mice. The SCDl-/- mice exhibited cutaneous 
abnormalities and a narrow eye fissure, which started around 
the weaning age (3-4 wk). The abnormalities became more 
severe with aging. The SCDl-/- mice had a thinner hair 
coat than the wild-type control mice. The hair loss in the 
SCDl—/- mice was apparent throughout the whole skin area. 
Histological examination of the skin of the SCDl—/- mice 
revealed atrophy of the sebaceous glands, whereas the wild- 
type mice had prominent and well-differentiated sebaceous 
glands (compare Fig. 2A for wild-type with Fig. 2B for 
SCDl-/-). Figure 2C is a higher magnification of the seba- 
ceous gland of a wild-type mouse, showing a foamy appearance 
of the cytoplasm due to the presence of lipid droplets, the 
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FIGURE 2 Histology of skin of 
wild-type and SCD1 mice. The mice 
were 2-mo-old males, (fi] Hematoxylin 
and eosln (H&E) staining of a wild-type 
mouse siiows norma} epHdermal struc- 
ture witii a well-differentiated sebaceous 
gland (an-owhead). (B) H&E staining of 
slflR of a SCD1 -/- mouse shows atro- 
phic sebaceous gland (arrowhead). (C) 
Higher magnification (x400) of the seba- 
ceous gland of the wild-type mouse. 
Note the foamy appearance of the cyto- 
plasm. (O) Higher magnification (x400) 
of tfie sebaceous gland of the SCD1 -/- 
mouse showng atrophic sebaceous 
gland. The foamy appearance of the cy- 
toplasm seen in the wild type has disap- 
peared. 




sehum. in contrast, at a higher magnification, the cytoplasm of 
the atropliic sebaceous gland in the SCDl — /— mouse had lost 
the foamy appearance (Fig. 2D), suggesting depletion of sebum 
lipids. The SCDl—/— mice had narrower eye fissures than 
wild-type mice. Histological examination of the eyelid of the 
SCDl—/— mice revealed atrophy of the meibomian gland, a 
specialized sebaceous gland (compare Fig. 3B for the 
SCDl—/— mice with 3 A for wild type) tliat secretes meibum, 
the oily material that prevents the corneal surface of the eye 
from drying out. At a higher magnification (Fig. 3C), the 
cytoplasin of the meibomian gland of the wild-type control 
mouse appears foamy due to the presence of meibum, whereas 



the meibomisin gland of the SCDl -/- mouse lacks the foamyS 
appearance (Fig. 3D) due to depletion of the meibum lipids.? 
No abnormalities were found in cornea and retina of th^ 
SCDl -/- mice (data not shown). ^ 
The skin and eyelid of SCDl-/— mice are deficient ir^ 
cholesterol esters, wax esters and triglycerides. We mea'<' 
sured free cholesterol, cholesterol ester, triglycerides and wax^. 
ester content in the skin and eyelid- HPTLC of lipids ex-^ 
tracred from the skin of wild-type mice showed that the skin^ 
contained very high levels of triglycerides (Fig. 4A), whereas^: 
the eyelid was very rich in wax esters (Fig. 4C). The triglyc-^^ 



ss, choles 



, and wax ester levels 



markedly? 



FIGURE 3 Histology of the eyelid 
of wild-type and SCD1-/- mice. The 
mice were 2-mo-old males. (4) Hema- 
toxylin and eosin (H&E) staining of a 
wild-type mouse shows a normal well- 
differentiated meibomian gland (arrow- 
head). Intralobular duct (d). (8) H&E 
staining of the eyelid of a SCD1-/- 
mouse shows atrophic meibomian 
glands (arrowhead). (C) Higher magnifi- 
cation (x400) of the meibomian gland of 
the wifd-type mouse. Note the foamy ap- 
pearance of the cytoplasm. (D) Higher 
magnification (x400) of the atrophic 
meibomian gland of the SCD1-/- 
mouse. The foamy appearance ob- 
sen/ed in the wild-type meibomian gland 
has disappeared. 
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FIGURE 4 High performance TLC (HPTLC) of lipids extracts from skin {A and e) and eyelids (C and D] of wild-type and SCD1 -/- mice. Totals, 
lipid extracts were pooled and analyzed by HPTLC. Equivalent amounts of lipid extract (from 0.5 mg of eydid or skin) were loaded in each lane. Eact^ 
lane represents lipids from eyelid and skin samples of two mice. In A and C, the solvent system was hexane/ether/acetic acid (90:25:1), In 6 and D~ 
the solvent system used to resolve the wax esters was benzene/hexane (65:35). Std, standards. ^ 



reduced in both the skin and eyelid of the SCDl — /— mice 
compared with the wild-type control mice. Intermediate levels 
were observed in the lipids of the heterozygote mice (SCDl +/ 
-). A separate TLC analysis using a solvent system consisting 
of hexane/benzer\e (45:65, v/v) was performed to separate 
(based on R| values) cholesterol esters from wax esters and also 
to resolve the wax diesters and triesters (15). As shown, the 
diester was the major wax ester in the eyelid (Fig. 4D). The 
skin also contained wax diesters (Fig. 4B) but at much lower 
levels than the eyelid diesters. The cholesterol ester concen' 
tratioris in eyelid and skin of SCDl -/~ mice were 73% (P 

< 0.001) and 43% (P < 0.05) lower, respectively, than in 
wild-type mice, whereas free cholesterol levels in skin and 
eyelid were 57% (P < 0.001) and 93% (P < 0,001) greater, 
respectively (Table 2). The total wax esier cor.cei^tratioa in 
the eyelid of the SCDl — /— mice compared with the wild-type 
mice was 72% lower (P < O.OOl). The total wax ester con- 
centration of the skin was too low for accurate measurement. 
The triglyceride concentrations in the skin and eyelid were 
53% (P < 0.001) and 60% (P < 0.001) lower, respectively, 
than in wild- type mice. 

In the SCDl-/- mice, the concentrations of MUFA in- 
cluding 18:1 (n-9) (P < 0.01), 18:I(n-7) (P < 0.01) and 16: 
l(n-7) (P < 0.01 ) in the total lipid fraction were >55% lower 
than in wiid-type mice (Figure 5A). In the cholesterol ester 
fraction, the levels of 18:l(n-9) (P < 0.001) and 16:l(n-7) (P 

< 0.01) were reduced by >70%. The triglyceride fraction of 
the wild-type control mice contained high levels of 16:1 (n-7) 



and 18;l(n-9), which were reduced by 51 and 71% (P < 0,01),| 
respectively, in the SCO-/- mice. In the wax ester fraction^ 
the levels of 18:l(n-9) (P < 0.01), 18:l(n-7) (P < 0.01) ancP 
16:l(n-7) (P < 0.01) were >50% lower than in wild-type mioej' 

TABLE 2 -° 

Eyelid and skin lipids in wild-type (+/+} and SCO ° 
homozygous (-/-) mice fed a semlpuiified dieV 



Eyelid 
Cholesterol ester 
Free cholesterol 
Wax ester 
Triglyceride 
Phospholipid 

Skin 
Cholesterol ester 
Free cholesterol 
Triglyceride 



87.3 ± 0.3 



7.4 ± 0.5* 
21.7 ± 0.5* 

19.4 ± 1.5* 
6.2 ± 0.5* 
7.7 ± 0,4 

0.4 ± 0.2" 
11.4± 1.0* 

41.5 ±7.6* 



1 Values are means ± a), n = 4, All mice wwe 6-wk-old males. 
* Significantly different (P < 0.001) from wild-type mice {Student's t 
test). 

*' Significantly different (P < 0.05) from wild-type mice (Student's f 
test). 
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FIGURE 5 The concentrations of monounsaturated fatty acids in tlie tot^ lipid fraction, the cholesterol ester, wax aster, and triglyceride fractionsS. 
(A) and in the phospholipid fraction (S) of eyelid of wild-type and SCD1 -/- mice. Lipid extracts In (4) were pooled and analyzed by TLC, methyg' 
esterifled and quantitated by gas-liquid chromatography (GLC). V^ues are means ± so, n = 3. *Signlficantty different (P < 0.05) from wild-type mice3 



Figure 5B shows the concentrations {ju,mol/g) of the major 
fatty acids measured in the phospholipid fraction. Although 
there was no alteration in the molar amount of the phospho- 
lipid pool (data not shown), differences in the acyl chain 
concentrations were observed. The levels of 18:1 {n-9) and 
16:1 were 48% (P < 0.01) and 33% (P < 0.05) lower, 
respectively, in SCD— /— mice than in wild-type mice. The 
levels of 18:0 were greater (P < 0.01} than in wild-type mice. 
There was also a >50% greater (P < 0,05) concentration of 
18:2(n-6) in the SCD—/— mice. The quantitative data on the 
composition of the acyl chains indicated that although the 
eyelid triglyceride, cholesterol ester and wax ester pools were 
reduced (Fig. 4), the total MUFA concentration in each 
fraction was dramatically reduced in SCDl-/- mice. In ad- 
dition, the changes observed in the fatty acid content of the 
phopsholipid pool indicate that SCDl deficiency alters the 
acyl chain composition of membrane phospholipids. 

High levels of dietary I8:l(n-9) did not alter triglyceride, 
cholesterol ester and wax ester levels in the eyelid of 
SCDl — /— mice. The cellular oleate or palmitioleate used for 
cholesterol ester, triglyceride and wax ester synthesis in mouse 
eyelid can be synthesized either de novo or by desaturation of 
exogenous stearate or palmitate derived from the diet. To 
determine whether dietary oleate could substitute for the en- 
dogenously synthesized oleate and restore the levels of triglyc- 
erides, esters and wax esters to the levels found in the eyelid of 
the wild-type mouse control, we supplemented the semipuri- 
fied mouse diet with high levels of oleate as triolein. This diet 
was then fed to the SCDl—/— mice for 2 wk, long enough to 
ensure equilibration of lipid pools. Total eyelid extracts were 
prepared; the lipid fractions were analyzed by TLC and the 
fatty acid composition was analyzed by GLC. Feeding diets 
supplemented with triolein to the SCDl—/— mice did not 
increase the levels of triglycerides, cholesterol esters or wax 
esters (Fig. 6A). GLC analysis also showed that the levels of 
18:1 (n-9) were not increased in the total lipid fraction of the 
eyelid (Fig. 6B). The mice maintained the eye fissures and the 
thin hair coat phenotype of the SCDl—/— mice that con- 
sumed the semipurified diet. No changes in phenotype or in 
levels of neutral lipids were observed when tlie SCDl-/- 



mice were fed diets rich in 16:1 or a combination of 18:1 anc§" 
16:1 (data nor shown). These results suggest that the endog-b 
enously synthesized 18:1 or 16:1 by SCD constitute a pool o^ 
MUFA required for the synthesis of the eyelid or skin choles-^ 
terol esters and triglycerides and further confirm the require-i- 
ment for these fetty acids in the synthesis of eyelid waj^ 
diesters. ™ 

a 

DISCUSSION I 

The m.ouse genome contains three well- characterized struc-O 
tural genes (SCDl, SCD2 and SCD3) that are highly homol^ 
ogous at the nucleotide and amino acid levels and encode thto; 
same functional protein. Although the difference in physio-" 
logic function among the three SCD isoforms has not beer^. 
well addressed, we previously suggested that the SCD isoformg 
might exhibit different specificity for substrates. For example^ 
SCDl is relatively nonselective and uses both stearoyl-CoAg 
(18;0-CoA) and palmitoyl-CoA (16:0-CoA) as substratesio 
whereas SCD2 is specific for stearoyl-CoA as a substrate (10)o 
Palmitate and stearate can be synthesized de novo or can be 
derived firom the diet. Oleate and palmitoleate, which are the 
corresponding MUFA, then serve as the major fatty acid 
substrates for incorporation into membrane phospholipids, 
cholesterol esters and triglycerides. In addition to being com- 
ponents of these major lipids, MUFA have also been impli- 
cated as mediators of several physiologic processes including 
signal transduction and cellular differentiation (10,20). Some 
clues to the physiologic role of the SCDl gene and its endog- 
enous products (MUFA) have been obtained by characterizing 
the phenotypes of two naturally occurring mouse models (ab' 
and ab^') carrying mutations in the SCDl (5,11,12). The 
homozygous ab'' SCDl mutant mouse is similar to the ab' 
mouse except for the extent of epidermal thickness, scaling 
and epidermal permeability barrier (12), The basis for the 
difference between the two alleles with a mutation in the same 
gene is not yet understood but could be due to differences in 
the backgroimds of the two mouse strains. 

To further explore the physiologic roles of the SCD gene 
isoforms and to reveal other phenotypes not previously char- 
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FIGURE 6 Lipids and monounsatu rated fatty acid concentrations in eyeilds of wild-type and SCD1 -/- mice fed high oleate diets. At 6 wit of 
age, the mice were fed a control {5 g soybean oil/1 00 g) diet or high oleate (5 g 1 8:1/100 g) diet for 2 wk. {Panel A) Total lipids were extracted frorr^-, 
eyelids of wiid-type and SCD1 mice. Lipid extracts were analyzed by high performance TLC (HPTLC). Equivalent amounts of lipid extract (frorrg 
0.5 mg eyelid) were loaded in each lane. Each lane represents lipids from eyelid of one mouse. Std; standards. (Panel B) Total lipids were extractec& 
from 2 mg of harderfan gland. The monounsaturated fatty acid contents were quantified by gas-)iquid chromatography. Values are means ± SD, n = 3^ 
Means with a different superscript letter are significantly different (P < 0.05). q 



acterized in the ab' and ab'^ mice, we generated mice with a 
targeted disruption of the SCDl gene. Like the ab* and ab^', 
the SCDl—/— mice exhibited cutaneous abnormalities with 
atrophic sebaceous gland and narrow eye fissure with atrophic 
meibomian glands. However, unlike the asebia {ab') and ab"^ 
which have reduced levels of cholesterol in their skin, the skin 
and eyelid of our SCDl-/- mice had significantly greater 
levels of fi-ee cholesterol than the wild-type mice. The 
SCO—/— mice, like the ab' mice, had decreased concentra- 
tions of liver cholesterol and triglyceride, as well as plasma 
VLDL-triglycerides (data not shown). However, differences 
were noted in the levels of lipoproteins compared with the 
previously reported plasma lipoprotein profile of ab' mice (4) 
and these will be reported elsewhere. These differences could 
also be due to mouse strain backgrounds modifying gene ef- 
fects. In this study, a more extensive analysis of the changes in 
lipid and fatty acid composition of several tissues was carried 
out. Figures 4-6 and Table 2 show that the SCDl—/— mice 
were deficient in eyelid triglycerides, cholesterol esters and 
wax esters. These deficiencies in the lipid pools can be attrib- 
uted to decreases in the endogenous levels of 18:1 and 16:1. 
The increase in the levels of 18:2(n-6) observed in the phos- 
pholipid fraction (Fig, 5B) indicates that SCDl deficiency 
alters the acyl chain composition of membrane phospholipids. 

The cutaneous abnormalities in the SCDl — /— mice as well 
as those observed in the ab' and ab^' mice are similar to those 
reported in transgenic mice overexpressing human apolipopro- 
tein (apo)CI (21) and in mice deficient in acy!-CoA;cho!es- 
terol acyl transferase enzyme (ACAT-1) (19), ApoCl acti- 
vates lipoprotein lipase to facilitate VLDL clearance from 
plasma, but an excess of apoCl has been shown to impair 
hepatic uptake of VLDL (21). Like the SCD-/- mice (Figs. 
2, 3), apoCI mice exhibit atrophic sebaceous and meibomian 
glands as well as a decrease in wax diester and triglycerides of 
the epidermis. The skin of mice overexpressing apoCl also has 
increased levels of free cholesterol but unlike our SCDl— /— 
mice, the cholesterol ester levels in these tissues are not 
altered. Like the SCD-/- mice, the ACAT-l-deficient mice 
are deficient in cholesterol ester and have more free choles- 
terol in the eyelid with atrophy of the meibomian glands. The 
deficiency in cholesterol ester of the SCDl -/- mice is most 
likely due to lack of MUFA produced by SCD as substrates of 
ACAT, but the relationship between endogenously synthe- 



sized MUFA arid the phenotype of mice with high expressioi^. 
of apoCl is less clear. However, the phenotypic feature thafa 
the SCDl-/-, ACAT-1-/- and mice overexpressing hu-l; 
man apoCl have in common is the increased levels of fre^' 
cholesterol either in the eyelid or skin or both. Because excessb 
free cholesterol can lead to cell death (22), it is tempting t(^ 
speculate that atrophy of the sebaceous and meibomian glands^ 
may be due to an increase in the amount of cellular fre^- 
cholesterol in these glands rather than the reduced levels o1^ 
sebum and meibum. ^' 

We hypothesized that feeding high levels of dietary oleateS, 
and palmitoleate could correct the deficiency in triglyceride^ 
cholesterol ester and wax ester in the eyelids of SCDl— /-§i 
mice. However, upon supplementing the semipurified dietso 
with high levels of oleate as triolein and feeding this diet toe 
the SCDl—/- mice for 2 wk, we found no increase in the|; 
levels of triglycerides, cholesterol esters or wax esters (Fig," 
6A). GLC analysis also showed that the levels of 18:l(n-9)J 
were not increased in the total lipid fraction of the eyelid (Figjg 
6B). Dietary oleate could not increase the levels of wax diester^ 
cholesterol ester and triglyceride in the skin of the SCDl -/-g 
mice (data not shown). No changes in phenotype were oh^ 
served when the SCDl -/— mice were fed diets rich in 16:1 oro 
a combination of 18:1 and 16:1. These feeding experiments"^' 
argue against the idea that dietary intake is ultimately the 
major lipid source of the MUFA that are incorporated into 
cellular neutral lipids. The present data are consistent with our 
previous concept (4) that endogenously synthesized oleate and 
palmitoleate, which arise from SCD acrivity in the endoplas- 
mic reticulum, provide the bulk of the monounsaturated fatty 
acid pool and are preferred substrates for the enzymes of 
triglyceride, cholesterol and wax ester biosynthesis. It is pos- 
sible that dietary MUFA and the SCD-synthesized MUFA are 
functionally compartmentalized into distinct lipid pools, 
thereby suggesting a mechanism of neutral lipid biosynthesis 
that is unknown at this time. The deficiencies in the neutral 
lipids exist despite the expression of the SCD2 gene in the 
eyelid of SCDl-/- mice (Fig. IC), suggesting that SCD2 
cannot compensate for the SCDl deficiency in this tissue. 

It was reported recently that chronic blepharitis and dry eye 
syndrome, which constitute one of the most common and 
frustrating eye disease conditions in humar\s, are due to lipid 
abnormalities in meibum (23-26), but the nature of these lipid 
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abnormalities has not been well characterized. It has been 
found, however, that meibum from patients with meibomian 

keratoconjunctivitis has decreased levels of oleic acid, a major 
product of SCD, whereas that fi'om patients with meibomian 
seborrhea has increased levels of oleic acid (26). These obser- 
vations, together with our present study, suggest that the 
alteration of SCD activity in the eyelid can be implicated in 
human eye diseases. Meibum is a mixture of triglycerides, 
cholesterol esters and wax esters. It is possible that these 
neutral lipids synergistically endow this semiliquid mixture 
with the physical properties, such as correct viscosity and 
melting point, necessary to prevent the corneal surface of the 
eye from drying out by retarding evaporation of tear moisture. 
Thus, the deficiencies in meibum, together with the dysfunc- 
tion of meibomian glands, are most likely the cause of the 
narrow eye shape or dry eye syndrome observed in SCDl 
mice and humans, respectively. The eyelids of SCDl — /- mice 
deficient in meibum have more frequent bacterial infections 
than those of wild-type control mice, suggesting that eyelid 
meibum may be toxic to some pathogenic microorganisms, 
although this property remains to be established. 

In conclusion, the characterization of the targeted SCD 
knockout mouse we have generated allows another experimen- 
tal model, In addition to the riaturally occurring models of 
SCDl disruption, with which to study lipid metabolism in 
both normal and disease states, The studies reported here 
provide substantial evidence that SCDl gene expression plays 
a major role in triglyceride, cholesterol ester and wax ester 
biosynthesis in the skin and eyelid. TTie enzymes that synthe- 
size triglycerides, cholesterol esters and wax esters require 18;1 
and 16:1, the endogenous products of SCD, as substrates. 
Thus, the SCDl gene may be a major checkpoint in the 
processes of cholesterol homeostasis, lipoprotein and neutral 
lipid metabolism. The ocular complications exhibited by the 
SCDl knockout mouse and the failure of high levels of dietary 
MUFA to repair these defects strongly suggest differences in 
the metabolic functions of de novo synthesized and dietary 
MUFA. The studies described here may have broad implica- 
tions for potential use of the SCDl gene as a target in the 
treaQ-nent of human eye and skin diseases. 
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ABSTRACT Chronic diseases develop in susceptible individuals foHowing exposure to environmental conditions 
including iiigti fat diets. Inbred strains of mice differing In susceptibility to atherosclerosis, diabetes, obesity and 
certain cancers are models for understanding tiie genetic basis and molecular meciianisms wiiereby diet influences 
these polygenic and multifactorial disorders. Expression sequence tags (EST) and disease quantitative trait loci 
(QTL) are also being identified with these strains. Reported here are comparisons of food lntal<e, growth, nonfasting 
serum lipids and expression of mRNA for hepatic apolipoprotein E (ApoE), hepatic stearoyI CoA desaturase (Scdl) 
and heart lipoprotein lipase (Lpl) in a 2 x 2 x 2 design with C57BLy6J and BALB/cByJ mice fed semlpurlfied diets 
with 4 or 20% saturated (coconut) or unsaturated (corn) oils for 4 mo. Histological studies of aortas and coronary 
arteries are also reported for these animals. After 4 mo, BALB/cByJ mice were significantly heavier and had 
significantly higher total serum cholesterol, HDL cholesterol and triglyceride concentrations in the fed state than 
C57Biy6J mice. Efficiency of utilizing dietary energy did not differ consistently betw/een strains. Oil level affected 
serunn total cholesterol, triglycerides and HDL cholesterol, which were significantly greater In mice fed high fat 
diets. Lpl and ApoE mRNA expression levels were not significantly affected by mouse strain, oil source or oil 
level. Scd1 mRNA expression, however, was significantly higher in C57BLy6J than in BALB/cByJ mice and was 
lower In all mice fed 20% compared with those fed 4% fat diets. Genes regulated differently by diet among strains 
with distinct susceptibility to diet-influenced disease may be associated with molecular pathways contributing to 
incidence or severity. J. Nutr. 127: 566-573, 1997. 

KEY WORDS: • diet • inbred mouse strains • serum lipids • stearoyI CoA desaturase • disease genes 



Epidemiological and laboratory animal studies indicate that 
diets high in fat increase the incidence and severity of athero- 
sclerosis, diabetes, obesity and cancer in susceptible individuals 
(reviewed in NRC 1989). Because diet changes disease pheno- 
type, certain dietary components must regulate expression of 
a subset of genes whose involvement in disease development 
(Berg 1989. Kaput et al. 1994. Kirk et al. 1995) appears to be 
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regulated differently in genetically distinct individuals. Except 
for familial and dominant mutations, chronic diseases are out- 
comes of contributions from many genes interacting with envi- 
ronmental factors (e,g., Berg 1989, Grundy 1995, Hegele 1992, 
Kirk et al. 1995, NRC 1989). 

Certain inbred strains of mice, established by at least 20 
generations of brother X sister matings, show higher suscepti- 
bility than other strains to experimentally induced disease. 
They have been used experimentally to identify quantitative 
and qualitative chromosomal loci (reviewed in Frankel 1995) 
and to define molecular events responsible for disease develop- 
ment. Changes in abundances of mRNA-encoding genes par- 
ticipating in lipid metabolism have also been compared within 
or between inbred mouse strains fed normal diets (Kirk et al. 
1995, Srivastava 1996, Srivastava et al. 1991 and 1992) or 
atherosclerosis-inducing diets (Kirchgessner et al. 1989, Le- 
Beouf et al, 1994, Liao et al. 1993, Qiao et al. 1993, Uelmen 
et al. 1995, Warden et al. 1989). Based upon the evidence, 
some diet-regulated or other genes are likely to participate in 
disease induction or severity. These have been referred to as 
level and variability genes (Berg 1989, Kirk et al. 1995). 

Our laboratories have collaborated in developing a 
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multistep procedure (Elliott et al. 1993, Kaput et al. 1994, 
Paisley et al. 1996, Swartz et al. 1996) for identifying diet- 
regulated genes and for testing the hypothesis that such genes 
participate in disease development (Kaput et al. 1994 and this 
report). The first step in our protocol involves the isolation 
of genes or expression sequence tags (EST)' regulated by diet 
(Elliott et al. 1993) in tissues of disease-firee virgin female mice 
fed semipurified diets. When desirable, the precision of the 
model can be refined by the feeding of chemically purified 
diets. Step 2 analyzes mRNA abundance between inbred 
strains differing in disease susceptibility before signs of the 
disease are evident. Our working hypothesis is that genes regu- 
lated differently between strains by the same diet may be 
among the subset involved in producing differences in disease 
phenotypes between strains. The third step compares the chro- 
mosomal map position of the differently regulated genes to 
independently derived quantitative trait loci (QTL). Others 
have proposed mapping disease-specific expressed sequence 
tags (EST) with independently derived QTL (Berry et al. 
1995) for identifying candidate disease genes, an example of 
association analyses (Risch and Merikangas 1996). EST regu- 
lated by the same nutritional factors that produce the disease 
and overlapping disease QTL maps have been defined as candi- 
date disease genes (Risch and Merikangas 1996) for analyses 
in humans or animals showing the disease, the last seep of our 
proposed protocol. 

We previously isolated hepatic apolipoprotein E (ApoE) 
and stearoyl CoA desaturase (Scdl) (Elliott et al. 1993) using 
the above described experimental model in screens for diet- 
regulated genes. We report here the analyses of hepatic ApoE, 
hepatic Scdl, and heart Lpl mRNA abundance in C57BL/6J 
and BALB/cByJ mice fed semipurified diets with 4 or 20% 
corn or coconut oils for 4 mo. C57BL/6 are more susceptible 
to diet-induced atherosclerosis (Paigen et al. 1987 and 1990), 
type II diabetes (Seldin et al. 1994, Surwit et al. 1995), and 
express certain genes involved in lipid metabolism differently 
than BALB/c mice (Kirk et al, 1995 and this report). Food 
intake, growth, nonfasting serum lipids, histological sections 
of aortas and coronary arteries were also analyzed co assess 
their influence or correlation with gene regulation. This report 
is an example of the second step of our protocol. 

MATERIALS AND METHODS 

Animals, diets and protocols. Eighty virgin female BALB/cByJ 
and C57BL/6J mice, 6-7 wk old, were purchased from The Jackson 
Laboratory (Bar Harbor, ME). They were fed a semipurified diet con- 
taining 4% com oil for 1 wk and then randomly ass^ned to diets 
containing 4% com oil, 20% com oil, 4% coconut oil or 20% coconut 
oil for an additional 15 wk (Fig. 1). Each diet contained 1.4% of the 
respective total oil content as soybean oil to assure adequate fatty 
acid content (NRC 1995, Reeves et al. 1993). The diets (Table 1), 
formulated according to modified AIN-76 guidelines (NRC 1995, 
Reeves et ai. 1993), were pelleted and color coded by Research Diets 
(New Bmnswick, NJ). Mice were caged and fed individually with 
free access to food and distilled water in temperature-controlled rooms 
maintained at 23 ± 1°C with a 12-h !ight:dark cycle. Animal care 
met University of Illinois and National Institutes of Health guide- 
lines. Food spillage was also monitored throughout the course of the 
experiment. Elificiencies of energy utilization were calculated from 
the recorded weekly weight gain/calculated weekly energy intake. At 
16 wk, all mice were deprived of food for 12 h and offered a pre- 
weighed 3-g pellet of their assigned diet. After 2 h, the uneaten food 
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FIGURE 1 Body weights of C57BLy6J and BALB/cByJ mice fed 
4 or 20% corn or coconut oil during a 16-wk feeding study. Body 
weights (means ± sem) and food intakes (see text) for five C57BLy6J 
and five BLB/cByJ mice fed each dietary treatment were monitored 
tvirice per weeit during the feeding study and the averages within each 
group at monthly intervals are plotted. BALB/cByJ mice at 6-7 wk 
of age weighed more Initially tiian C57BL/6J mice (19.0 vs. 16.1 g, 
respectively) at 6-7 of age and throughout the 16-v\rk feeding study 
(P < 0.0001). BALB/cByJ mice averaged 26.9 g compared with 22.2 
g for C57BL/6 mice at the end of the study. 

was removed; 2 h later, all mice were injected intramuscularly with 
0.02 mL/g body weight of ketaset/xylajine mixture (Ketaset, Fort 
Dodge Laboratories, Ft. Dodge, I A) for collection of blood via cardiac 
puncture. Immediately thereafter, they were killed by cervical disloca- 
tion and their livers and hearts were removed, individually frozen in 
liquid nitrogen, and stored at -80°C for mRNA isolation. 

DNA probes. cDNAs for lipoprotein lipase (Genbank/EMBL: 
J02740), rat glyceraIdehvde-3-phosphate dehydrogenase (GAPDH), 
mouse jfl-actin and stearoyl CoA desaturase (Scdl, Genbank/EMBL; 
J04190, M2I285) were as described previously (Paisley et al. 1996, 
Swartz et al. 1996). A DNA fragment encoding nucleotides 681 to 
806 of apolipoprotein E mRNA (Genbank/EMBL: D00466, MI2414) 
was isolated in a second screen for diet-regulated genes. cDNA were 
excised from the vectors, isolated (Ausubel et al. 1987) and labeled 
by random priming or polymerase chain reaction (PGR) amplification 
in the presence of a-^^P-deoxycytidine-5-triphosphate (dCTP, 111 
TBq/mmol, ICN, Irvine, CA) as described by Paisley at al. (1996) 
and Swartz et ai. (1996). 

Northern hybriditation analyses. Twenty micrograms of total 
RNA, isolated from livers by the Ultra-spec II UNA isolation system 
(Biotecx, Houston, TX), was resolved by electrophoresis in gels con- 
taining 1.2% agarose and 2.2 mol/L formaldehyde for 2.5 h at 110 
V. Sizes of mRNA were estimated by comparisons to a synthetic 
RNA ladder electrophoresed simultaneously. Gels were subsequently 
stained with 0.5 mg/L ethidium bromide and photographed to verify 
rRNA quality. RNA was blotted onto nylon membranes (U.S. Bio- 
chemical, Cleveland, OH) fiDllowing standard protocols (Ausubel et 
al. 1987). Blots were prehybridized at 42''C with 50% formamide, 5X 
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TABLE 1 

Diet composition 



Com Ck>conut 



Ingredient 


4% 


20% 


4% 


20% 


Corn oil 


2.8 


9 

18.6 


0 


0 


Coconut oil 


0 


0 


2.8 


18.6 


Soybean oil 


1.4 


1.4 


1.4 


1.4 


Maltodextrin 


11.8 


14.1 


11.8 


14.1 


Cornstarch 


45.0 


19.3 


45.0 


19.3 


Sucrose 


9,5 


11.2 


9.5 


11,2 


Casein, alcohol extracted 


19.0 


22.6 


19.0 


22.6 


L-Cystine 


0.3 


0.3 


0.3 


0.3 


Cellulose 


4.7 


5.6 


4.7 


5.6 


Mineral mixl 


1.0 


1.1 


1.0 


1.1 


Calcium phosphate 


1.2 


1.5 


1.2 


1.5 


Calcium carbonate 


0.6 


0.7 


0.6 


0.7 


Potassium citrate, monohydrate 










Vitamin mix^ 


1.0 


1.1 


i!o 


1.1 


Choline bitartrate 


0.2 


0.2 


0.2 


0.2 


Total grams 


100.1 


94.2 


100.1 


94.2 




15.9 


19.2 


15.9 


19.2 


Protein, kJ% 


20.0 


20.0 


20.0 


20.0 


Lipid, kJ% 


10.0 


40.0 


10.0 


40.0 


Carbohydrate, kJ% 


70.0 


40.0 


70.0 


40.0 


Minerals, mg/kJ 


2.7 


2.6 


2.7 


2.6 


Vitamins, mg/kJ 


0.6 


0.6 


0.6 


0.6 


Cellulose, mg/kJ 


3.0 


2.9 


3.0 


2.9 



1 AIN-76Adiet recommendations (National Research Council 1995). 

2 Amount of energy is 16.7 kJ/g for protein and carbohydrate, 37.6 
kJ/g fat 



standard sodium citrate (SSC), IX Denhardt's solution, 0.02 mol/L 
sodium phosphate (pH 6.8), 0.1 g/L denatured salmon sperm DNA, 
1 mmol/L EDTA, 0.2% SDS and 10% dextran sulfate (Ausubel et 
al. 1987). After overnight hybridization at 42°C, the membranes were 
washed twice at room temperature with IX SSC containing 0.5% 
SDS for 20 min. Two 1 5-min washes with 0.5X SSC/0.5% SDS 
and one 15-min wash in 0.25X SSC/0..5% SDS at 65°C followed. 
Membranes were placed next to preflashed (Laskey 1980) Kodak XAR 



TABLE 2 

Serum total ctiolestemi, HDL ctiolesterol and triglyceride 
concentrations in BALB/cByJ and C57BU6J mice fed 4 or 
20% com oil or coconut oil for 15 w/c'.^ 



Serum \oiai 

cholesterol Triglyceride HDL cholesterol 







mmol/L 






Mouse strain 










BALB/cByJ 


1 .64 ± 0.04"' 


0.94 ± 0.06* 


1.07 


i 0.06*** 


C57BI76J 


1.36 ± 0.05"* 


0.76 ± 0.06* 


0.73 


± 0.05"' 


Level of oil 










4% 


1.40 ± 0.05" 


0.73 ± 0,04** 


0.81 


± 0.05" 


20% 


1.59 ± 0.05" 


0.97 ± 0.07** 


0.98 


± 0.07" 


Source of oil 










Corn 


1.47 ± 0.05 


0.80 ± 0.07 


0.92 


± 0.07 


Coconut 


1.52 ± 0.05 


0.89 ± 0.05 


0.86 


± 0.06 



1 Values are means ± sem (n = 29-39). 

2 Significant differences are * P < 0.01, " P < 0.001, *" P < 0.0001 . 
Main effect differences in total cholesterol, triglycerides, or HDL are 
between mouse strains (BALB/cBYJ vs. CBIBUGJ^ or betwewi levels 
of oil (4% vs. 20%). 




4% 20% 4% 20% 
I 1 1 I 

Corn Oil Coconut Oil 

FIGURE 2 Serum triglyceride concentrations in C57BL76J and 
BALB/cByJ mice fed 4 or 20% corn or coconut oil during a 16-wk 
feeding study. Serum triglyceride concentrations (means ± sem) are 
reported for 8-10 C57BL/6J and 8-10 BALB/cByJ mice fed each di- 
etary treatment (except BALB/cByJ fed 20% coconut oil, where n = 
5). Triglyceride concentrations were affected by interactions between 
strain and source {P < 0.0009) and among strain, oil source and oil 
level (P < 0.014). The latter interaction Is Indicated by (a,b) where values 
with the same letter differ from values with different letters. See Table 
2 for main effects. 



film at — 80°C, and electrophoretic patterns were analyzed in the 
linear range of the film (La.skey 1980). Membranes o( liver RNAs 
were rehybridized with a /J-actin to control for the total RNA per 
well. Glyceraldehyde-3'phosophate dehydrogenase (Paisley et al. 
1996) served as the control for RNA in hearts, which express two 
actin mRN/is. /3-Actin and GAPDH are believed to be unaffected by 
changes in metabolism and are used as controls for mRN A abundance 
measurements (e.g., Ausubel etal. 1987). Because ethidium bromide 
staining of nucleic acids is a relatively insensitive measure of RNA 
loading with 10-20 jxg loaded per lane, mRNA abundance is reported 
as the ratio of specific transcripts to control transcripts. RNA from 
livers of 80 mice, (10 from each dietary treatment) and hearts from 
40 mice (5 from each dietary treatment) were analyzed. Hybridization 
signals were quantified with a Molecular Dynamics 4255 phosphorim- 
ager (Molecular Dynamics, Sunnyvale, CA). Abundances of specific 
mRNA were normalized to the amount of ^-actin or GAPDH mRNA 
within the same electrophoretic lane. 
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FIGURE 3 HDL cholesterol concentrations in C57BL/6J and 
BALB/cByJ mice fed 4 or 20% corn or coconut oil during a 16-wk 
feeding study. HDL cholesterol concentrations (means ± sem) are re- 
ported for 8-10 C57BIV6J and 8-10 BALB/cByJ mice fed each dietary 
treatment (except BALB/cByJ fed 20% coconut oii, where n = 6, and 
C57B176J mice fed 4% com oil, where n = 7). There were no significant 
interactions for HDL cholesterol concentrations. See Table 2 for main 
effects. 

Serum lipids, histology and statistical analyses. Serum lipid pro- 
files were determined for total cholesterol (Sigma Kit 352-20), 
triglycerides (Sigma 339-10) and HDL cholesterol (Sigma 352-3) 
using kit protocols (Sigma Chemical, St. Louis, MO). Samples 
were analyzed ii^ duplicate and reaction mixtures were adjusted to 
200 fxL for the well volume of 96 well plates. Hearts and aortas from 
40 mice (5 from each dietary treatment) were fixed in Karnovski's 
fixative and embedded in JB4 media (Polysciences, Warrington, 
PA) for sectioning, staining (Aparicio and Marsden 1969) and 
microscopic examination at magnifications of 40X and 400X. Iden- 
tity of all sections was coded and unknown to the examiner. The 
Statistical Analyses System-General Linear Model (SAS GLM) 
program (SAS 1987) was employed for statistical computing with 
post-hoc analyses of statistical significance by Tukey's Multiple 
Range Comparison (HSD) (Steele and Torrie 1980). Results are 
reported as means ± SEM. 

RESULTS 

Food intake and weight gain. Growth curves for BALB/ 
cByJ and C57BL/6J mice fed different types and levels of di- 



etary fat for 16 wk are shown in Fig. 1. BALB/cByJ mice at 
6-7 wk of age weighed more initially than C57BL/6J mice 
(19.0 vs. 16.1 g, respectively) at 6-7 wk of age and throughout 
the 16-wk feeding study (P < 0.0001). BALB/cByJ mice aver- 
aged 26.9 g compared with 22.2 g for C57BL/6 mice at the 
end of the study. Energy intake of BALB/cByJ mice was 53,8 
± 5.4 kj/d during the 16-wk study, significantly more (P < 
0.005) than that of C57BL/6J mice (45.5 ± 3.3 kJ/d). How- 
ever, there were no consistently significant differences between 
strains in efficiency of energy utilization (data not shown). 
Mice fed diets with 20% oil consumed 54.3 ± 8.8 kJ/d com- 
pared with 45.1 ± 5.4 kJ/d for mice fed 4% oils, but no differ- 
ences were observed in weekly energy efficiencies. Both 
C57BL/6J and BALB/cByJ mice fed 20% oil consumed more 
energy (Z4.2 ± 4-9 vs. 16.7 ± 5.8 kj) in the 2-h refeeding 
period than their counterparts fed 4% oil (P < 0.0001), but 
there was no difference between strains. 




4% 20% 4% 20% 
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FIGURE 4 Serum total cholesterol concentrations In C57BL/6J 
and BALB/cByJ mice fed 4 or 20% corn or coconut oil during a 1 6-wk 
feeding study. Serum total cholesterol concentrations (mean ± sem) 
are reported for 8-10 C57BI76J and 8-10 BALB/cByJ mice fed each 
dietary treatment (except BALB/cByJ fed 20% coconut oil where n = 
7). Main effects are reported in Table 2. Interactions between strain 
and oil level (P < 0.0517), strain and oil soure [P < 0,0793), and level 
and source (P < 0.0801) approached statistical significance. 
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TABLE 3 

Pearson correlation analysis of strain, serum total cholesterol, HDL cholesterol and triglyceride concentrations in BALB/cByJ and 
C57BU6J mice fed 4 or 20% com oil or coconut oil for 15 wkl.2,3 



ApoE Scdl 





Strain 


Oil level 


Oil type 


Total ChoK 


HDL Choi 


TG 


/3-actin 


/3-actin 


Oil level 


0.000 
















Oil type 


0.000 


0.000 














Choi 


-0.456*" 


0.302 


0.079 












HDL Cliol 


-0.503 


0.265* 


-D.092 


0.631*" 










TG 


-0.255* 


0.340" 


0.127 


0.446*** 


0.252 








ApoE/y3-act 


0.121 


0.052 


-0.024 


0.076 


-0.198 


0.105 






Scd//3-act 


0.241' 


-0.261* 


0.152 


-0.166 


-0.237 


-0.083 


-0.080 




Lpl/GAPDH 


-0.234 


0.315 


0.033 


0.517'* 


0.360 


0.278 


0.173 


-0.398 



1 Correlation coefficients (r). 

2 "* P < 0.001 ,"P< 0.01 , • P < 0.05. Significance was approached (P < 0.06) for HDL cholesterol, and triglyceride and Sod1//?-actm and 
Lpl/GAPDH (P < 0.08). 

3 n = 60-80, except for Lpl where n = 19-24. 

4 Choi, cholesterol; TG, triglyceride; GAPDH, glyceraldehyde-3-phosphate dehydrogenase. 



Serum lipid concentrations. Fed BALB/cByJ mice had 
higher serum triglycerides (P < 0.01), HDL cholesterol (P < 
0.0001) and total cholesterol (P < 0.0001) than did C57BL/ 
6J mice (Table 2). The higher concentration of dietary oil 
also resulted in greater serum HDL cholesterol (P < 0.01), 
serum triglycerides (P < 0.001) and total cholesterol (P < 
0.001) (Table 2). Serum triglyceride concentrations showed 
significant interactions between strain and oil source (P < 
0,001) and between strain and dietary oil level and source 
(P < 0.01) (Fig. 2), but no interactions were significant for 
cholesterol (Fig, 3). Interactions tended to be significant be- 
tween strain and dietary oil concentration (P < 0.06) and 
between strain and source (P < 0.08) and source and dietary 
oil level (P < 0.08) for serum total cholesterol concentrations 
(Fig. 4). Significant correlations between total cholesterol and 
HDL cholesterol (r = 0.631, F < 0.001) and triglycerides 
and total cholesterol were found (Table 3). There were no 
significant correlations between these serum lipid concentra- 
tions and body weight, total energy intake or energy eaten in 
the last meal (not shown). 

Qene expression. Representative hybridization analyses are 
shown for hepatic stearoyl Co A desaturase and yf-actin mRNA 
from individual BALB/cByj (Fig. 5 A) and C57BL/6J (Fig. 5B ) 
mice fed one of the four diets with averages of Scdl/yS-actin 
mRNA ratios for all in each treatment shown in Figure 6A 
(BALB/cByJ) and Figure 6B (C57BL/6J). Relative Scdl levels 
were significantly higher (P < 0.03) in mice fed diets con- 
taining 4% of either oil even though mice eating 20% oil diets 
consumed more energy during their last meal. Scdl//3-actin 
mRNA ratios were significantly higher (P < 0.04) in C57BL/ 
6J mice, but there were no signifi.cant differences in ScAll/S- 
actin between corn oil- and coconut oil-fed mice. There 
were no significant interactions between strain and dietary 
source or concentration. Significant differences in hepatic 
ApoE and heart lipoprotein lipase mRNA expression due to 
strain, oil level or oil source were not found (daca not shown). 

Pearson correlation analyses (Table 3) showed a weak inverse 
correlation (r = -0.237) between Scdl/^-actin and HDL levels 
that approached significance (P < 0.08). Lpl/GAPDH mRNA 
ratios were significantly correlated (t = 0.517, P < 0.01 ) with 
cholesterol levels and there tended to be a negative correlation 
(r = —0.398) approaching significance between Scdl//3-actin 
and Lpl/GAPDH mRNA ratios (P < 0.08). 



Histology. Forty hearts, examined for histological evidence 
of lesion development, showed no abnormalities except for 
three from BALB/cByJ mice (not shown), Thickening of the 
tunica intima in a coronary artery was observed in one BALB/ 
cByJ mouse fed 4% coconut oil. One BALB/cByJ mouse fed 
4% and one fed 20% com oil showed swelling of endothelial 
linings of their aortas. 

DISCUSSION 

We analyzed growth, serum lipid values, and abundance of 
Scdl, Lpl, and ApoE mRNA (i.e., genetic factors) in BALB/ 
cByJ and C57BL/6J mice fed different types and concentrations 
of dietary lipids, factors that influence disease severity in stud- 
ies sinular to Kirk et al. (1995). Our analyses were done in 
the absence of atherogenic chemicals added to a semipurified 
diet and without evidence of disease processes, which might 
influence gene expression or serum lipid concentrations in 
strains which differ in predisposition to diet-influenced dis- 
eases. 

In our study, BALB/cByJ mice were significantly heavier 
than C57BL/6J mice initially at 6-7 wk of age and throughout 
the subsequent 16-wk feeding period, but the weight gain/ 
energy intake ratios were the same regardless of strain, oil level 
or oil source. Accuracy of intake measurements was facilitated 
by feeding compressed food pellets to individually housed mice 
with weighing of uneaten particles. The difference in energy 
intake during the 2 h when the last meal was available for 
mice fed 20% oil (24.2 kj) compared with diose eating 4% 
oil (16.7 kJ) may have resulted from differences in energy, 
texture or ease of eating the high fat diet. TTiere were no 
significant correlations between energy intake and serum lipid 
values or between energy intake and levels of ApoE, Lpl, or 
Scdl mRNA. 

BALB/cByJ mice had significantly higher concentrations 
of total cholesterol, triglycerides and HDL cholesterol than 
C57BL/6J mice, in agreement with other investigators (Lusis 
et al, 1989). The increases in total cholesterol, triglycerides 
and HDL cholesterol were qualitatively and in some cases 
quantitatively similar to those seen in these and other strains 
fed high fat diets with and without added cholesterol (Kirk 
et al. 1995, Srivastava 1996, Srivastava et al. 1991 and 1992) 
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FIGURE 5 Effect of the level and type of dietary fat on hepatic 
stearoyi CoA desaturase (Scdl) expression in C57BLy6J ^d BALB/ 
cBJ mice fed 4 or 20% corn or coconut oil during a 16-wk feeding 
study. RNA from four individual BALB/cByJ (A) and four C57BL/6J (B) 
mice fed 4% corn oil (lane 1), 20% corn oil (lane 2), 4% coconut oil 
(lane 3) and 20% coconut oil (lane 4) was separated on agarose gels 
and blotted. The resulting membranes vt^ere hybridized with radiola- 
beled Scd1 and ;9-actin probes as described in Materials and IVlethods. 
Similar data from 8-10 mice from each dietary treatment are summa- 
rized in Figure 4. 

and atherogenic diets containing added cholic acid, cocoa 
butter and cholesterol (Hwa et al. 1992, LeBeouf at al. 1994, 
Nishina et al. 1993, Paigen et al. 1990, Warden et al. 1989). 
Saturated fat (coconut oil) significantly increased triglyceride 
levels in C57BL/6J but not in BALB/cByJ mice, and it did 
not alter total serum cholesterol or HDL cholesterol concen- 
trations. Serum triglyceride concentrations were also affected 
by interactions among strain, oil level and oil source, demon- 
strating the importance of nutrient-genotype interactions. 
The variation in concentration in serum lipids for the same 
strains reported by different laboratories may be related to 
differences in diet composition because fatty acids and other 
ingredients vary among preparations of unpurified diets (e.g., 
Lardinos et al. 1989). Variations in serum lipid concentra- 
tions may also result from differences among studies in time 
between the last meal and the time of sampling (Kirk et al. 
1995). 

Heart lipoprotein lipase, hepatic stearoyi CoA desaturase, 
and hepatic apolipoprotein E mRNA abundances were ana- 
lyzed as a follow-up of our previous isolation of Scdl and ApoE 



in screens for diet-regulated genes, In our studies, abundance 
of hepatic ApoE and heart Lpl mRNA was unrelated to strain, 
fat level, fat source or energy intake in the last meal when 
mRNA levels were analyzed 2 h postprandially. Although oth- 
ers have shown strain differences in heart Lpl enzymatic activ- 
ity (Ben-Zeev et al. 1983), Lpl mRNA levels are presumably 
not transcriptionally regulated by diet in hearts of mice 
(Kirchgessner et al. 1989) or rats (Erskine et al. 1993). Our 
Lpl data agree with this conclusion. Hepatic ApoE mRNA 
abundance was not regulated by level or source of oil. Others 
(Ishida et al. 1990) found strain (C57BL/6 and C3H/J)-specLfic 
differences in serum apolipoprotein E concentrations after- 
overnight food deprivation in mice fed unpurified vs. a highly 
atherogenic diet, suggesting that our results may be con- 
founded because we analyzed expression 2 h postprandially. 
We previously found significant effects of fat level and time 
of eating on the regulation of Lpl (Paisley et al. 1996) and 
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FIGURE 6 Hepatic stearoyi CoA desaturase (Scdl) expression In 
C57BL/&I and BALB/cByJ mice fed 4 or 20% corn or coconut oil during 
a 1 6'Wk feeding study. Scd1 mRNA levels (representative results shown 
In Figure 3), nomiatlzed to /3-actin mRNA. from 8-10 BALB/cByJ (A) 
and 8-10 C57BL/6J (S) mice of each dietary treatment were analyzed. 
Results are means ± sem. Scd1//J-actin mRNA ratio was greater In 
C57BL/6J mice (P < 0.04] and higher In all mice fed 4% of either oil 
compared with those eating 20% of either oil. 
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ApoE in 10-wk'old BALB/cHnn mice denied food for 12 h 
compared with those that had eaten. Some diet-regulated 
genes differ in their expression related to ime of eating (Le- 
Beouf et al. 1994, Paisley et al. 1996, Swartz et al. 1996) or 
age (Rao et al. 1989), showing that experimental variables in 
addition to dietary constituents may alter mRNA concentra- 

Significant differences in Scdl mRNA abundance, a mea- 
sure of transcription and mRNA stability, were observed be- 
tween mice fed different levels of dietary fat when data from 
all BALB/cByJ and C57BL/6J mice were included in the anal- 
yses. Analyses of BALB/cByJ and C57BL/6J Scdl regulatory 
regions indicated that differences in mRNA abundance were 
probably nor due to sequence differences in the proximal 
750 bp promoter region (data not shown). Sequences further 
upstream of this region were not analyzed. The results of this 
study confirm our findings showing fivefold greater abundance 
of Scdl mRNA in livers of BALB/cHnn mice fed diets con- 
taining a low vs. high percentage of corn oil (Elliott et al. 
1993, Paisley et al. 1996). Others found that Scdl was regu- 
lated by saturation of dietary fat and by carbohydrates in 
livers of CD-I male mice and rats (reviewed inNtambi 1995), 
and more recently, by the peroxisome proliferator-inducing 
chemical, clofibrate (Diczfalusy et al. 1995). Hepatic Scdl/ 
/S-actIn mRNA ratios tended to be higher in coconut oil- 
fed mice than in corn oil-fed mice. Diet composition or 
time between the last meal and time of killing may have 
been responsible for the observed differences between our 
studies and others (Ntambi 1992 and 1995). Scdl expression 
showed significant strain differences, with BALB/c mice hav- 
ing lower expression than C57BL/6 mice, a strain susceptible 
to diet-induced atherosclerosis (Paigen et al. 1990), obesity 
and type II diabetes (Seldin et al. 1994, Surwit et al. 1995). 

Pearson correlation analyses showed weak negative associa- 
tions approaching significance between Scdl abundance and 
HDL and Lpl abundance levels. Lpl abundance was signifi- 
cantly correlated with serum cholesterol concentrations. Be- 
cause the concentrations and abundances of serum lipids and 
different mRNA are expected to be affected by multiple fac- 
tors, it is not surprising that the correlations were weak. Al- 
though significant correlations show associations, it is not clear 
whether these interactions were directly linked or whether 
they correlated because of independent linkages with other 
common factors. 

Candidate genes, which include those regulated by diet 
or other environmental factors (e.g.. Berry et al. 1995), 
may be identified genetically if they map within disease 
or complex trait loci (e.g., QTL) and if they have some 
association with the disease process (Risch and Merikangas 
1996). A small but growing number of disease QTL have 
been identified in humans and in laboratory animals (e.g., 
Berry et al 1995, Risch et al. 1993, Seldin et al. 1994, and 
reviewed in Frankel 1995, Sim et al. 1995), but many possi- 
ble loci remain unidentified because of the number of possi- 
ble nutritional and genetic combinations yet to be analyzed 
(e.g., Patterson et aL 1991, Risch and Merikangas 1996). 
Consequently, genes not mapping to a QTL can not be 
excluded firom participating in disease processes. ApoE maps 
to a region of mouse chromosome (Chr) 7 (Encylcopedia of 
the Mouse Genome 1996), which overlaps a Type 1 diabetic 
QTL (Risch et al. 1993), and its overexpression in 
transgenic mice reduced the hyperlipidemia associated with 
experimentally induced diabetes (Yamamoto et al. 1995). 
Neither Scdl (Chrl9) (Keller et al. 1994) nor Lpl (Chr8) 
(Encylcopedia of the Mouse Genome 1996) map to known 
disease QTL, although Scdl can be misregulated by strepto- 



zocin in rats (Waters and Ntambi 1995) and experimentally 
induced hypertriglyceridemia in diabetic mice was decreased 
in transgenic mice overexpressing Lpl (Shimada et al. 1995). 
Additional experiments are required to test whether Scdl 
or other diet-regulated genes are involved in the molecular 
mechanism of disease. 
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Abstract Stearoyl-CoA desaturase (SCD) is expressed at 
high levels in several human tissues and is required for the 
biosynthesis of olcate (18:1) and palmitoleate (16:1). These 
monounsaturated fatty acids are the major components of 
phospholipids, triglycerides, wax esters, and cholesterol es- 
ters. Mice Mdth a targeted disruption of the SCDl gene have 
very low levels of VLDL and impaired triglyceride and cho- 
lesterol ester biosynthesis. In the HYPLIP mouse, a model 
of hyperlipidemia, there was a 4-fold increase in hepatic 
SCD activity, a 1 .8-fold increase in the desattiration index, 
and a 2-fold increase ui plasma triglycerides. We used the 
plasma ratio of 18:1/18:0 (the "desaturatiou index") as an 
in vivo measure of SCD activity in human subjects. In hu- 
man subjects vnih triglycerides ranging from 0.3 to 20 mM, 
the desaturation ratio accounted for one-third of the vari- 
ance in plasma triglyceride levels. A 2-foId increase in the 
desaturation index was associated with a 4-foId increase in 
plasma triglycerides. In human subjects exposed to a high 
carbohydrate diet, the desaturation index explained 44% of 
the variance in triglycerides.BB We propose that many of the 
factors that influence plasma triglyceride levels do so by 
converging upon the regulation of SCD activity. — Attie, 
A. D.. R. M. Krauss, M. P. Gray-Keller, A. Brownlie, M. 
Miyazaki.J. J. Kastelein, A.J. Lusis, A. F. H. Stalenhoef, J. P. 
Stoehr, M. R. Hayden, and J. M, Ntambi. Relationship be- 
tween stearoyl-CoA desaturase activity and plasma triglycer- 
ides in buman and mouse hypertriglyceridemia./. lApidRes. 
2002. 43: 1899-1907. 
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The rate of de novo fatty acid synthesis is low in human 
populations that consume diets high in polyunsaturated 
fatty acids (PUFA) and cholesterol, known repressors of li- 
pogenic gene expression (1). However, one lipogenic 
gene that is highly expressed in various human tissues 
even in the presence of cholesterol and PUFA-rich diets is 
stearoyl-CoA desaturase (SCD) (2). 

SCD catalyzes the introduction of the first as- double 
bond in the A9 position (between carbons 9 and 10) in 
several fatty acyl-CoA substrates. The preferred substrates 
are palmitoyl- and stearoyl-CoA, which are converted into 
palmitoleoyl- and oleoyl-CoA, respectively (3). Changes in 
activity of SCD in tissues are reflected in Uie composition 
of cellular phospholipids, cholesterol estersn and triglyc- 
erides. 

SCD gene expression is highly regulated; it is very sensi- 
tive to dietary lipids (PUFAs, cholesterol, and vitamin A), 
hormones (insulin), developmental processes, tempera- 
ture changes, thiazolidinediones, metals, alcohol, peroxi- 
somal proliferators, and phenohc compounds (4). Conse- 
quently, genetic variability in numerous pathways might 
manifest itself in changes in SCD expression and thus 
have consequences on lipid metabolism. 

The liver and adipose tissue are the principal sites of de 
novo lipogenesis. Both tissues have a high capacity to con- 
vert carbohydrate into fatty acids when glycolytic and lipo- 
genic enzymes are induced and activated. Recently, the 
transcription factor sterol responsive element binding 
protein-lc (SREBP-lc) has emerged as a master regulator 
of these metabolic pathways (5). SREBP-lc activates the 
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expression of genes encoding enzyi..^s necessary for con- 
version of carbohydrate to fat (e.g., glucokinase, acetyl- 
CoA carboxylase, ATP-citrate lyase, glucose-6-phosphate 
dehydrogenase, and malic enzyme). SCD is exquisitely 
sensitive to SREBP-lc regulation (4, 6-8). The discovery 
that insulin stimulates the transcription of the SREBP-lc 
gene readily explains how insulin exerts a global stimula- 
tory effect on lipogenesis (9). 

Using a naturally occurring mouse model of SCDl-defi- 
ctency, as well as a gene-targeted SCDl-knockout mouse, 
we have shown that triglyceride and cholesterol ester syn- 
thesis are greatly reduced in the absence of this enzyme 
(10). The triglyceride phenotype cannot be reversed with 
dietary monounsaturated fat, suggesting that de novo syn- 
thesized monounsaturated fat is essential for triglyceride 
synthesis (10, II), The SCDl-deficient animals produce 
very low levels of VLDL, suggesting that the rate of VLDL 
production might itself be influenced by SCDl activity in 
vivo (10, 11), 

The role of SCD in human lipoprotein metabolism has 
never been explored. Hypertriglyceridemia (HTG) syn- 
dromes are among the most common lipid disorders in 
humans. Although there is strong evidence that many of 
these syndromes are heritable (12-14), the genetics of 
these disorders is not well understood. It is most likely that 
HTG is a complex trait; i.e., the expression of the pheno- 
type is influenced by multiple genes. In addition, the pen- 
etrance of HTG is affected by diet, insulin sensitivity, and 
obesity (15). 

Given the strong correlation between the ability of cells 
to synthesize triglycerides and cholesterol esters, and the 
activity of SCD, we validated and applied a simple plasma 
marker of SCD activity, the ratio of plasma oleate to stea- 
rate (18:1/18:0 ratio, the "desaturation index"), to test the 
hypothesis that in vivo SCD activity accounts for a large 
fraction of the variation in plasma triglycerides in human 
subjects. In addition, we studied the desaturation index in 
human subjects exposed to a regimen known to raise se- 
rum triglyceride levels, high-carbohydrate diets. Our re- 
sults support an important role of SCD in determining hu- 
man serum triglyceride levels. 



METHODS 

Animals and diets 

Asebia homozygous (atJ/atJor -/-) and heterozygous ( + / 
abl or +/— ) mice were obtained from the Jackson Laboratory 
(Bar Harbor, ME) and bred at the University of Wisconsin Ani- 
mal Care Facility. 

In this study, comparisons are made between the homozy- 
gous (-/ — ) and the heterozygous (+/— ) mice since the lat- 
ter are indistinguishable from normal mice. The generation 
of targeted SCD"''" mice has been previously described (11). 
Prebred homozygous (SCDl"''") and wild-type (SCDl+^+) 
mice on an SV129 background were used. C3H mice and Hc- 
B19 mice were bred at UCLA by A. Jake Lusis and shipped to 
Madison, WI for analysis. These mice were housed in a patho- 
gen-frcc barrier facility operadng on a 12-h light/ 12-h dark 
cycle. At 3-weeks-of-age, these mice were fed ad libitum on lab- 



oratory chow diet (50. . cest diet, PMI Nutrition International 
Inc., IN). 

Plasma lipoprotein analysis. Mice were fasted a minimum of 4 h 
and sacrificed by C02 asphyxiation and/or cervical dislocation. 

Blood was collected asepdcally by direct cardiac puncture and 
centrifuged (13,000 g, 5 min, 4''C) to collect plasma. Lipopro- 
teins were fractionated on a Superose 6HR 10/30 FPLC column 
(Pharmacia). Plasma samples were diluted 1:1 with PBS, filtered 
(Cameo 3AS syringe filter, 0.22 jim), and injected onto the col- 
umn that had been equilibrated with PBS containing 1 mM 
EDTA and 0.02% NaNg. The equiralent of 100 jil of plasma was 
injected onto the column. The flow rate was set constant at 0.3 
ml/min. Five hundred microliter fractions were collected and 
used for total triglyceride measurements (Sigma). Values re- 
ported are for total triglyceride mass per fraction. The identities 
of the lipoproteins have been confirmed by utilizing anti-ApoB 
immunoreactivity for LDL and Anti-Apo Al immnunorcactivity 
for HDL (not shown). 

Fatty acid analysis. Total lipids were extracted from plasma ac- 
cording to the method of Bligh and Dyer (16). Heptadecanoic 
acid (Sigma) was added as an internal standard for the quantita- 
tion of fatty acids. The lipids were methylated and analyzed by 
gas-liquid chromatography on a capillary column coated with 
DB-225 (0.25 mm, 30 m length id, 0.25 (i-m; Agilent Technolo- 
gies, Inc. Wilmington, DE). Colum temprature was kept at 70°C 
for Imin, then increased from 70°C to 180°C at a rate of 20°C/ 
min and then to 220°C at a rate of 3°C/min, and was kept at 
aSO-C for 15 min. 20:ln-9 and 20:ln-7 fatty acids were identified 
by comparison of retention times with authentic standards 
(Sigma, St Louis, MO). 

Familial combined hyperlipidemia patients. One hundred pa- 
tients with hypertriglyceridemia were selected from a Dutch co- 
hort of 32 families (299 subjects) with well-defined familial com- 
bined hyperlipidemia (FCH) (17). 

Carbohydrate feeding study. Human subjects were selected 
from a combined group of 429 healthy, nonsmoking Caucasian 
individuals aged &20 who had participated in previous dietary 
intervention protocols as described (18, 19). All subjects had 
been free of chronic disease during the previous 5 years and 
were not taking medication likely to interfere with lipid metab- 
olism. In addition, they were required to have plasma total 
cholesterol concentrations <6.74 mM (260 mg/dl), triglycer- 
ide <5.65 mM (500 mg/dl), resting blood pressure < 160/105 
mm Hg, and body weight <130% of ideal. Each participant 
signed a consent form approved by the Committee for the Pro- 
tection of Human Subjects at E. O, Lawrence Berkeley National 
Laboratory, University of California, Berkeley, and participated 
in a medical interview. Fasting blood samples were obtained after 
4-6 weeks in which subjects consuming highJat/low-carbohy- 
drate diets (carbohydrate 39-45% en) and low-fat/high-carbohy- 
drate diets (carbohydrate 61-65% en) (1, 2). In all diets, --50% 
of the carbohydrate was consumed as simple sugars. 

Plasma lipid and lipoprotein measurements were performed 
as previously described (1). We wished to compare results in two 
subgroups of subjects selected on the basis of triglyceride re- 
sponses to a high carbohydrate diet greater than 1 SD above or 
below the mean for the entire group (29.2 ± 77.9 mg/dl). 
Within each category, subjects were matched within 20% for 
basal triglyceride level on the low carbohydrate. As a result, 
mean levels of basal triglyceride were similar in the two groups, 
as were BMI and age. Statistical analyses were performed using 
Statview (SAS Institute, Inc.). Diet differences were analyzed by 
paired Hest within group correlations by Spearman correlations 
and between group differences by Mann-Whitney tests. Logistic 
regression analysis was used to assess determinants of triglyceride 
response category. 
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RESULTS 

Relationship between SCDl gene dosage and the 
desaturation index 

We measured the ratio of oleate (18:1) to stearate 
(18:0) and of palmitoleate (16:1) to palmitate (16:0) in 
two mouse models of SCDl deficienq'. The asebia mouse 
has a naturally-occurring deletion encompassing most of 
the SCDl gene (20). Homozygotes have no SCDl expres- 
sion and express residual desaturase activity of <10% of 
normal, due to the expression of SCD2. The 18:1/18:0 ra- 
tio was reduced about 50% in homozygotes relative to het- 
erozygotes (Fig. lA). The 16:1/16:0 ratio was reduced by 
about two-thirds (Fig. IB). 

We recendy generated mice deficient in SCDl through 
targeted disruption of the SCDl gene (11), In these ani- 
mals, there is a relationship between SCDl gene dosage 
and both the respective C-18 and C-16 fatty acid ratios; 
heterozygotes have a triglyceride level intermediate be- 
tween that of the wild type and that of the homozygous- 
null animals (Fig, IC, D). The asebia mutation occurred 
in a BALB/c-derived mouse strain background (20). The 
SCDi-knockout mice are 129 X C57BL/6 Fl mice. The 
18:1/18:0 ratio in the asebia heterozygotes is about dou- 
ble that of the 5CDi-knockout heterozygotes. Interest- 
ingly, the triglyceride levels in the asebia heterozygotes are 
also twice the levels in the knockout heterozygotes. Thus, 
although strain background changes triglyceride levels, 
the quantitative relationship between the desaturation in- 
dex and plasma triglycerides is preserved. 




Deficiency of plasnib.. . LDL in animals deficient in SCDl 

Analysis of the lipoprotein profiles of both strains of 
SCZ)i-knockout mice revealed a striking reduction in 
VLDL triglycerides in both the asebia (Fig. 2A) and the 
knockout (Fig. 2C) mice. The cholesterol profiles re- 
vealed no significant differences between wild type and 
SCDl-deficient mice (Fig. 2B, D). 

Correlation between desaturation index and plasma 
triglycerides in a murine model of familial 
combined hyperlipidemia 

Castellani et al. identified a spontaneous mutation 
(termed "hyplip") in the HcB congenic strain back- 
ground associated with a phenotype closely resembling 
familial combined hyperlipidemia (FCHL) (21). The 
mutation maps to mouse chromosome 1, in a region 
syntenic with a segment of human chromosome Iq21- 
q2S where familial combined hyperlipidemia has been 
mapped in a human population (14). The potential ge- 
netic parallel with FCHL suggested that it might be a 
useful model to explore the possible relevance of SCD 
to FCHL. Subsequent to these studies, the HypHp gene 
was identified as thioredoxin interacting protein {Txnip) 
(22). 

The HcB-19 strain was used to explore the relationship 
between hepatic SCD activity, the plasma desaturation in- 
dex, and triglyceride levels. The triglyceride levels of the 
HcB-19 mice were about 2-fold higher than those of the 
C3H background strain (Fig. SA) . The SCD activity of liver 
microsomes was about 4-fold higher in the HcB-19 mice 



Fig. 1. The ratio of monounsaturated to saturated 
fatty adds in plasma (the desaturation index) is propor- 
tional to gene dosage in ttvo mouse models of SCDl de- 
ficiency. The steady-state levels of oleate (18:1), stearate 
(18:0), palmitoleate (16:1), and palmitate (16:0) were 
measured in &sting plasma collected from Asebia mice, 
a naturally occurring SCDl deficient strain (A and B) 
and targeted SCDl knockout mice (C and D). The data 
are expressed as the ratio of monounsaturated to satu- 
rated fatty acids for oleate/stearate (A and C) and 
palmitoleate/palmitate (B and D) and establish a "de- 
saturation index" that is proportional to SCDl gene 
dosage. The Pvalues in the Asebia panels are derived 
from Student's two-tailed (-tests. Tlie /* values in the 
SCDl-knockout panels are derived from single &ctor 
ANOVA tests. 
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glyceride. Plasma was collected from fasting Asebia (A 
and B) and SCDl knockout mice (C and D) and lipo- 
proteins isolated by fast performance liquid chromatog- 
raphy. Triglyceride (A and C) and cholesterol (B and 
D) levels were determined for each fraction and pro- 
vide a distribution of these lipids among the various 
density fractions eiuted from the column. The lipopro- 
tein peaks forVLDL, LDL, and HDL are indicated. 



than the controls (Fig. 3B). In this model, as in the SCDl 
loss-of-function models described above, the desaturation 
index correlated with the SCD activity; the desaturadon 
index was about 2-fold higher in die HcB-19 mice than in 



the C3H mice (Fig. 3C). There was only a small difference 
in the 16:1/16:0 ratio between the two strains (Fig, 3D), 
Despite the fact that these are C3H mice, the magnitude 
of the relationship between the desaturation index and 



HC-HL9 C3H 



HC-BL9 C3H 



Fig. 3. A murine model for familial combined hyper- 
Hpidemia (FCHL) reveals elevated SCDl activity, 
plasma triglycerides, and desaturation indices for 
plasma fatty acids. Fasting plasma from both mouse 
strains were used to determine triglyceride levels (A). 
SCDl activity was determined in a liver microsomal 
fraction of normal (C3H) and hypertriglyceridemic 
(HcB19) mice (B). SCDl desaturation index for ole- 
ate/stearate (C) and palmttoleate/palmitate (D). 



HC-B19 C3H 



HC-HL9 C3H 
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triglyceride levels was similar to tha. of the other mouse 
strains we have assessed. 

Correlation between desaturation index and plasma 
triglycerides in human subjects 

We analyzed fasting plasma from 173 human subjects 
with plasma triglyceride levels ranging from 0.3 to 20 mM. 
One hundred of these subjects had familial combined hy- 
perlipidemia (open circles, Fig. 4). The desaturadon in- 
dex correlated with triglyceride levels (Fig. 4A) and to a 
lesser extent, with HDL (Fig, 4B); the desaturation index 
explains 53% of the variation in plasma triglyceride and 
17% of the variance in HDL. By contrast, there was no sig- 
nificant correladon between the 16:1/16:0 rado and 
plasma triglycerides or HDL (Fig, 4C, D). 

Responsiveness of desaturadon index and plasma 
triglycerides to hi^-carbohydrate diet in human subjects 

Human subjects were placed on a high carbohydrate 
diet (61-65% calories derived from carbohydrate) for 4r-& 



weeks. Out of 429 _-ojects, 20 whose triglycerides in- 
creased and 20 who did not show a triglyceride rise in re- 
sponse to the high-carbohydrate diet were chosen for 
measurement of the desaturation ratio. Prior to the start 
of the diet, the desaturadon rado explained 11% of the 
variance in plasma triglyceride (Fig. 5A). However, after 
consumption of the high<arbohydrate diet, the desatura- 
tion rado accounted for 44% of the variance in plasma tri- 
glyceride (Fig. 5B). The correlation between these mea- 
surements was significant on both diets (Spearman P < 
0.0001) in the group as a whole as well as in the subgroup 
with increased triglyceride on the high-carbohydrate diet 
(P<0.05). 

The plasma desaturadon ratio increased significandy in 
both triglyceride response subgroups (Table 1). The in- 
crease was significandy greater, however, in the subgroup 
of subjects with increased versus decreased triglyceride in 
response to the high-carbohydrate diet. There was no signif- 
icant correladon of the magnitude of triglyceride change 




TritfyrcariiIes(mmol/y HDLOnmot/L) 




KJI/L) 



F^. 4. The desaturation index correlates with plasma triglycerides and is inversely propordonal to HDL 
levels in humans. Fasting plasma from 175 human subjecta was used to determine triglyceride and HDL lev^ 
els as well as determine the SCDl desaturation index. The reladonship between the 18-.1/18;0 ratio and 
plasma triglyceride and HDL cholesterol is shown in A and B, respectively. The relationship between 16:1/ 
16:0 ratio and plasma triglyceride and HDL cholesterol is shown in C and D, respectively. One hundred sub- 
jects (open circles) -tvith femilial combined hyperlipidemia had a mean plasma triglyceride of 4.6 ± 0.3 
mmol/1 and average HDL of 0.84 ± 0.02 mmol/1. The remaining subjects (closed circles) had a mean 
plasma triglyceride value of 1,3 ± 0,1 mmol/i and an average HDL of 1,36 ± 0,09 mmol/i. Three subjects 
shown in C were not included in the linear regression. For the nomolipidemic group alone the correlation 
remained significant (R^ = 0.371, P < 0,001), whereas for the FCHL group alone, it was not significant (/P = 
0.023;/'= 0,13). 
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Starting Triglycerides 
r2 = 0.12P<0.05 



ISi/lBi) Ratio 



If 



Ending Triglycerides 



r2 = o.44P< 0.001 



♦ ♦ 

♦ ♦ 



Fig. 3. Relationship between desaturation ratio and serum triglyceride concentration before (A) and after 
(B) 4-6 weeks on a high-carbohydrate diet. Subjects were placed on diets consisting of 61-65% calories de- 
rived from carbohydrate. Samples taken before and after the diet were analyzed for 18:1 and 18;0 fatly acids. 



versus fatty acid ratio change in either group. However, 
both the desaturation ratio after the high-carbohydrate diet 
and the diet-induced change in this ratio were significant 
determinants of the triglyceride response category in lo- 
gistic regression analysis (P < 0.005), accounting for 27% 
and 32% of the variance, respectively. 



DISCUSSION 

Despite 30 years of intense effort, the genetics of HTG 
syndromes is largely unsolved. The best-understood syn- 
dromes are those in which HTG results from defects in li- 
poprotein lipase (23) . However, the most common forms 
of HTG involve overproduction of VLDL particles or the 
packaging of excess triglyceride on VLDL particles. With 
the exception of LDL receptor (LDLR) mutations (24, 



25), no single gene defect has been shown to cause over- 
production of lipoproteins in human subjects. Since the 
LDLR does not appear to be an agent in HTG and FCHL, 
new genes and perhaps new pathways must be identified. 

The genetics of FCHL is especially challenging. As im- 
plied by the name, FCHL involves the transmission of ele- 
vated VLDL, LDL, or both within families. Until recentiy, 
it has been difficult to postulate regulatory mechanisms 
that might influence both cholesterol and triglyceride me- 
tabolism. Recent progress in understanding transcrip- 
tional regulation of lipogenic and cholesterogenic genes 
creates a new framework to bring to bear on these syn- 
dromes (26). 

The SREBP genes, SREBP-lc and SREBP-2 regulate the 
lipogenic and cholesterogenic pathways, respectively (26) . 
The abundance of the active forms of these transcription 
factors is regulated in two ways. First, the transcription of 
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TABLE I. Lipid measurements (mean - 6EM) in groups with 
triglyceride increase or decrease on low versus high carbohydrate diets 



THgiyceride Increase 


Triglyceride Decrease 


Group (n = 20) 


(n = 20) 


Dietary 




Carbohydrate Low High 


Low High 


Triglyceride 




mg/dl 168.2 ± 15.0 368,3 ± 27.7*' 


160.0 ± 14.4 111.2 ± 10.1° 


18:0/18:1 fetty 




acids 2.64 ±0.13 4.10 ± 0.15"'' 


2-56 ±0.10 3.12 ±0.15* 



tion on the high CiJ. jOhydrate diet suggests that other 
metabolic responses may have acted to reduce triglyceride 
production and/or increase triglyceride clearance in 
these individual. 

The desaturation ratio also explained a substantial pro- 
portion of the variance in triglycerides in subjects with hy- 
pertriglyceridemia. Although the HTG of diese various 
subjects is undoubtedly due to various genetic and envi- 
ronmental causes, our most striking finding is that in most 
of the subjects, elevated triglycerides are accompanied by 
elevated SCD activity. Within the FCHL group (open cir- 
cles. Fig. 4), the correlation betwreen the desaturation ra- 
tio is lost = 0.023, P < 0.0001 for the FCHL patients; 

= 0.371, P < 0.0001 for the non-FCHL patients). The 
lack of a significant correlation between the 18;1/18:0 FA 
rado and triglyceride levels among FCHL subjects in our 
study (Fig. 4) maybe because once triglyceride level is ele- 
vated in conjunction with increased SCD. the contribu- 
tion of SCD to the overall variance of triglyceride levels is 
diminished. This would be the case, for example, if one 
were to study the relationship between cholesterol level 
and LDLR expression in people who already have a muta- 
tion in the LDLR. 

We propose that there are numerous causes of HTG 
that converge upon and exert their triglyceride elevating 
effects through SCD. For example, HTG is frequently as- 
sociated with insulin resistance. Recent studies suggest 
that in the liver, insulin resistance is selective; it involves 
impaired suppression of gluconeogenesis without an im-, 
pairment in insulin-stimulated SREBP-lc gene transcrip- 
don (31). Thus, the hyperinsulinemia that usually ac- 
companies insulin resistance syndromes might lead to 
enhanced SREBP-lc expression and thus enhanced SCD 
expression. A failure to suppress SREBP-lc activation by 
cholesterol or polyunsaturated fetty acids might cause 
SCD activity to rise above the critical threshold that 
causes HTG. 

In humans, there is recent evidence that adipose tissue 
might be the major source of the carbohydrate-derived 
fatty acids that end up as VLDL triglycerides (32). There- 
fore, it is possible that plasma triglycerides correlate with 
liver SCD in mice and with adipose tissue SCD activity in 
humans. Recent evidence from mouse (33) and human 
(34) studies shows that in obesity, the expression of 
SREBP-lc goes down in adipose rissue, and in mice and 
humans (35, 36) goes up in the liver (37) . This redistribu- 
tion in SREBP-lc gene expression orchestrates a shift in 
the lipogenic burden away from the adipose tissue (38). 
SCD expression is tighdy linked to SREBP-lc expression 
(8) . If SCD expression in the liver is more closely associ- 
ated with VLDL production than is SCD expression in adi- 
pose tissue, then the shift in SREBP-lc expression from 
adipose tissue to liver (if it also occurs in obese humans) 
might form the basis for the relationship between HTG 
and obesity. 

The rate of bile acid synthesis is correlated with the rate 
of VLDL triglyceride secretion in humans (39) and in ani- 
mal models (40). Bile acid sequestrant therapy up-regu- 
lates cholesterol-7a-hydroxylase (CYP-7A1), the rate-Iimit- 



°P< 0.0001 versus low carbohydrate. 

*P < 0.01 versus low carbohydrate. 

'P< 0.0001 versus triglyceride decrease group. 

SREBP-lc is regulated by insulin (9) and by the oxysterol- 
activated transcription factor, LXR (27). Second, the acti- 
vation of the SREBP proteins, SREBP-la, SREBP-lc, and 
SREBP-2, requires a proteolytic cleavage event that is in- 
hibited by cholesterol (or an oxysteroi) and polyunsatu- 
rated fatty acids (28). This web of regulatory mechanisms 
means that insulin sensitivity and its effect on insulin lev- 
els, dietary carbohydrate and fat, and cholesterol all inter- 
act to regulate SREBP-responsive genes. Given the range 
of potential genes that can conceivably be involved in 
these processes, it is not surprising that the genetics of 
the.se dyslipidcmias is quite complex. 

We have recently shown that SCDl expression is essen- 
tial and rale-limiting For the synthesis of triglycerides and 
cholesterol esters in mice (10). The supply of free fatty ac- 
ids to the liver is rate limiting for the secretion of VLDL 
triglycerides (29). In rodents, high carbohydrate diets 
greatiy enhance the synthesis and secretion of triglycer- 
ides by the liver (30). However, in the SCDl-knockout 
mice, carbohydrate feeding fails to induce triglyceride 
synthesis and secretion (11), implying tliat SCDl repre- 
sents a crucial bottleneck in this pathway. 

In this manuscript, we show that SCDl activity corre- 
lates with plasma triglyceride levels in several different 
mouse strains. We use these strains to validate the plasma 
desaturation index (the 18:1/18:0 ratio) as an in vivo sur- 
rogate of SCD activity and show that in human subjects, 
like the mouse strains, plasma triglyceride levels correlate 
with SCD activity. The desaturation ratio is closely related 
to plasma triglyceride levels in human subjects. This rela- 
tionship extends throughout the normal range of triglyc- 
eride values. In addition, we found that a low-fat, high-car- 
bohydrate diet induces an increase in the desaturation 
ratio, and that this increase is greater in individuals who 
exhibit a hypertriglyceridemic response to the diet than in 
those whose triglyceride is reduced. Moreover, although 
the magnitude of the changes in triglyceride and fatty 
acid ratios mth diet were not significantly correlated, the 
increase in the fatty acid ratio ivas a significant determi- 
nant of triglyceride response category. Although the re- 
sults are from a post hoc analysis and should be confirmed 
in other studies, they suggest that SCD activity is stimu- 
lated in conjunction vrith, and may contribute to, carbohy- 
drate-induced lipemia. The finding diat the mean 18:1/ 
18:0 ratio increased in the group with a triglyceride reduc- 
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ing enzyme in bile acid production, iii^.d leads to increased 
VLDL triglyceride secretion (41). Impaired bile acid ab- 
sorption due to reduced expression of the intestinal bile 
acid transporter is also associated with increased plasma 
triglyceride levels (42). Overexpression of CYP-7A1 in 
hepatoma cells (43) or in transgenic mice also leads to in- 
creased VLDL secretion. Recently, Miyake et al. reported 
that in the transgenic mice overexpressing CYP-7A1. 
SREBPl and SREBP2 were upregulated as were genes reg- 
ulated by these transcription factors; SCDl mRNA abun- 
dance was increased 4.7-fold (40). Together with the re- 
sults presented herein, it is likely that the mechanistic Hnk 
between bile acid production and triglyceride synthesis is 
through the regulation of SGD expression. This link likely 
involves the CYP-7A1 oxidation of sterol-de rived ligands of 
LXR, a transcription factor that regulates SREBP expres- 
sion (27). 

A limitation in genetic studies of complex traits such as 
HTG is that variation at numerous gene loci can contrib- 
ute to the same phenotype. If plasma triglyceride concen- 
tration is the sole phenotype used to carry out linkage 
studies, then the power to detect single major genes will 
be lost in populations with biologically significant varia- 
tion at many genes that contribute to the same pheno- 
type. One way to overcome this problem is to sub-divide 
families based on sub-phenotypes. For example, in the 
search for a major gene responsible for familial hypoal- 
phalipoproteinemia, it was crucial to separate low-HDL 
famihes with demonstrable cholesterol efflux defects from 
those with normal cholesterol efflux (44) . In the present 
case, we note that there are HTG individuals with appar- 
ently normal SCD activity and others who fit the linear 
trend of high SCD activity with HTG. The difference in 
SCD activity might therefore be a useful sub-phenotype 
that can be used to identify major genes for HTG and 
FCHL. 

Because of the convergence of several types of HTG syn- 
dromes on SGD expression, we hypothesize that SCD ac- 
tivity might be rate-limiting for triglyceride production in 
a wide array of dyslipidemias. This, together with the lipid 
profiles of the SCD-deficient mice, suggests that SCD 
might be an attractive target for triglyceride-Iowering 
drugs. niS 
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Stearoyl-CoA desaturase (SCD) is a central Itpogenic enzyme cat- 
alyzing the synthesis of monounsaturated fatty acids, mainly 
oleate (C18:1) and palmitoleate {C16:1), which are components of 
membrane phospholipids, triglycerides, wax esters, and choles- 
terol esters. Several SCD isoforms (SCD1-3) exist in the mouse. Here 
we show that mice with a targeted disruption of the 5CDT isoform 
have reduced body adiposity, increased insuiin sensitivity, and are 
resistant to diet-induced weight gain. The protection from obesity 
involves increased energy expenditure and increased oxygen con- 
sumption. Compared with the wiid-type mice the SCD1-/- mice 
have increased levels of plasma ketone bodies but reduced levels 
of plasma insulin and feptin. In the SCD1-/- mice, the expression 
of several genes of lipid oxidation are up-regulated, whereas lipid 
synthesis genes are down-regulated. These observations suggest 
that a consequence of SCD1 deficiency is an activation of lipid 
oxidation in addition to reduced triglyceride synthesis and storage. 

Stearoyl-CoA desaturase (SCD) is the rate-limiting enzyme in 
tlie biosynthesis of monounsaturated fatty acids. It catalyzes 
the introduction of the cis double bond in thie A9 position of fatty 
acy]-CoA substrates. The preferred desaturation substrates are 
palmitoyl-CoA and stearoyl-CoA, which are converted to palmi- 
toleoyl-CoA (16:1) and oleoyl-CoA (18:1), respectively (1-4). 
These fatty acids are requisite components of membrane phos- 
pholipids, triglycerides, cholesterol esters, and wax esters (5-7). 
Effects on composition of phospholipids ultimately determine 
membrane fluidity, and the effects on the composition of 
cholesterol esters and triglycerides can affect lipoprotein me- 
tabolism and adiposity, SCD expression is sensitive to dietary 
factors including polyunsaturated fatty acids, cholesterol and 
vitamin A, hormonal changes (i,e., insulin and glucagon), de- 
velopmental processes, temperature changes, thiazolinediones, 
metals, alcohol, peroxisomal proliferators, and phenolic com- 
pounds (3). High SCD activi^ has been implicated in a wide 
range of disorders including diabetes, atherosclerosis, cancer, 
obesity, and viral infection (3, 8-13). 

The existence of multiple SCD isoforms in mice (6, 14-18) and 
rats makes it difficult to determine the role of each isoform in 
lipid metabolism. New insights into the physiological role of the 
SCDl gene and its endogenous products came from recent 
studies of the asebia mouse strains {abl and ab^) that have 
naturally occurring mutations in SCDl (17-19) as well as a 
laboratory mouse model with a targeted disruption {SCDl-/-) 
(6). We used these animal models to show that SCDl-/- mice 
are deficient in hepatic triglycerides and cholesterol esters (7, 
20). The levels of palmitoleate (16:1) and oleate (18:1) are 
reduced, whereas palmitate and stearate are increased in the 
lipid fractions of SCDl-/- mice. On a high carbohydrate diet 
supplemented with triolein, the cholesterol ester levels are 
corrected but the triglyceride levels are not reversed to the levels 
found in the wild- type mouse (7). 

Apart from the dramatic alterations in triglyceride and cho- 
lesterol metabolism, the .SCD/-/- mice are considerably leaner 
than their wild-type counterparts. Here, we show changes in 



metabolic rate and in the expression of genes encoding enzymes 
involved in lipid metabolism. 

Methods 

Animals and Diets. SCDl—/- mice in SV129 background were 
generated and genotyped as described (5). The wild-type 
{SCD1 + / + ), heterozygous (SCDI-i-/-) and homozygous 
(SCDl—/-) mice are housed and bred in a pathogen-free 
barrier facility of the Department of Biochemistry (Univ. of 
Wisconsin, Madison) operating at room temperature in a 12-h 
iight/12-h dark cycle. The breeding of these animals was in 
accordance with the protocols approved by the animal care 
research committee of the Un iv. of Wisconsin- At 3 weeks of age, 
the mice were fed ad libitum a standard laboratory chow diet or 
a high -fat diet for 23 weeks. The high-fat diet contains 195 g/kg 
casein, 3 g/kg DL-methionine, 377 g/kg sucrose, 150 g/kg corn 
starch, 153 g/kg anhydrous milkfat, 10 g/kg corn oil, 1.5 g/kg 
cholesterol, 60.067 g/kg cellulose, 35 g/kg mineral mix AIN-76 
(170915), 4 g/kg calcium carbonate, 10 g/kg vitamin mix Teklad 
(40060), 1.2 g/kg choline bitartrate, and 0.033 g/kg ethoxyquin 
(antioxidant), The weight of each mouse within each group was 
measured weekly; the data are presented as means ± SD (n = 
8, P < 0.001). The glucose tolerance and insulin tolerance were 
determined as described (21). 

Measurement of Oxygen Consumption. Gender matched SCDl-/— 
and wild-type littermates were investigated in indirect calorim- 
eters as described (22). Oxygen consumption rate (VO2) and 
CO 2 production rate (VCO2) were continuously assayed over 4 
consecutive 23-h periods, including 12 h dark (1800-0600) and 
11 h light (0600-1700). 

Gene Expression Analysis. RNA was isolated from livers of 10 
individual 6-week-old female mice by using a standard method 
(23). Mouse genome U74A arrays were used to monitor the 
expression level of approximately 12,000 genes and expressed 
sequence tags (Affymetrix). Genes differentially expressed were 
identified by comparing expression levels in SCDl-/- and 
wild-type mice (24, 25). For Northern blot analysis, 20 ;jig of total 
liver RNA was separated on an 0.8% agarose/foimaldchydc gel, 
transferred onto nylon membrane, and hybridized with cDNA 
probes for the corresponding genes. 

Results 

Reduced Body Weight in SCD^-/- Mice Fed a High-Fat Diet. Al- 
though the growth curves of male SCDl-/- mice were similar 
to those of wiid-type siblings on chow diet, a high-fat diet 
revealed large differences in weight gain in both males (34.2 g vs. 
39.5 g,P< 0.01, Fig. 1) and females (27.7 g vs. 31.9 g, < 0.05). 
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Ftg. 1. Body weight of male and female wild-type and SCD1-/- mice fed a 
chow or high-fat diet. 



Reduced Body Fat Mass in SCD1-/- Mice. On average, the 
SCDl mice consumed 25% more food than wild-type mice 
(4.1 g/day vs. 5.6 g/day; n = 9,P< 0.05). Nonetheless, they were 
leaner and accumulated less fat in their adipose tissue (Fig. 24). 
The epididymal fat pad mass was markedly reduced in male 



SCDl-/- relative to wild-type mice fed a chow diet (0.4 ± 0.1 
mg vs. 0.8 t- 0.2; n = 9,r < 0.05; I'ig. 2B) and a high-fat diet 
(1.0 ± 0.2 mg vs. 1.6 ± 0.2, n ~ 12, F < 0.05; Fig. 2C). The livers 
of the wild-type and SCDl-/- mice were grossly normal and of 
similar mass. In contrast, on a high-fat diet, the livers of the 
wild-type mice were lighter in color than those of the mutant 
mice (Fig. 2C), suggestive of hepatic steatosis. The masses of 
white adipose depots in SCDl—/- mice were globally reduced 
in mice on either the chow or the high-fat diet (Fig. 2D). The 
masses of other tissues, including brown adipose tissue, were not 
significantly altered. Thus, SCDl-/- mice were resistant to 
diet-induced weight gain and fat accumulation, despite increased 
food intake. 

Increased Oxygen Consumption in SCDl-/- Mice. We carried out 
indirect calorimetry to investigate whether the resistance to 
weight gain is caused by increased energy expenditure. The 
SCDl-/- mice exhibited consistently higher rates of oxygen 
consumption (had higher metabolic rates) than their wild-type 
littermates throughout the day and night (Fig. 3^4). After ad- 
justing for allometric scaling and gender, the effect of the 
knockout allele was highly significant (P = 0.00019, multiple 
ANOVA, Fig. 3B). 

Because the increase in Oz consumption occurred during the 
fasting phase (daytime) as well as during the feeding phase, the 
animals are more active in oxidizing fat. Although ketone bodies 
were undetectable in plasma from either strain during postpran- 
dial conditions, /3-hydroxybutyrate levels were much higher in 
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the SCDl-/- mice after a 4-h fast (4,4 ± 0.6 mg/dl vs. 1.1 ± 0.7 
mg/dl; P < 0.001), indicating a higher rate of j3-oxidation in 
knockout mice. A similar but less dramatic difference was seen 
in females. These differences were also observed in mice on 
high-fat diet. 

Increased Expression of Genes Involved in Fatty Acid Oxidation in 
SCD1-/- Mice. We used DNA microarrays to identify genes 
whose expression was altered in the livers of SCDl—/— mice. 
We identified 200 mRNAs that were significantly different 
between the livers of SCDl-/- and wild-type mice. The most 
striking pattern was seen in genes involved in lipogenesis and 
fatty acid )3-oxidation. Lipid oxidation genes were up-regulated, 
whereas lipid synthesis genes were down-regulated in the 
SCDl-/- mice (Fig. 4A). Using the same RNA samples, the 
microarray data were verified with quantitative reverse- 
transcription-PCR using DNA primers that were designed for 
selected genes that showed differential expression (26). The 
results showed that the F/Mifa-target gene Fasting-Induced 
Adipocyte Factor {FIAF) was up-regulated in SCDl-/- mice 
{P < 0.05; Fig. 45), whereas fatty acid synthase {FAS) was 
down-regulated (P < 0.01). 

Northern blot analysis also supports changes in fatty acid 
oxidation and lipid biosynthesis. Probes for acyl-CoA oxidase 
(ACO), very long chain acyl-CoA dehydrogenase (VLCAD), and 
carnitine palmitoyltransferase- 1 (CPT-l) indicate increases in 
P-oxidation (27, 28), whereas probes for SREBP-1, FAS, and 
glycerol phosphate acyl-CoA transferase {GPAT} point to a 
decrease in triglyceride biosynthesis (Fig. 4C). 

Increased Insulin Sensitivity in SCDl-/- Mice. Reduced adipose 
tissue mass could either elicit insulin resistance or insulin 
sensitivity as demonstrated in several animal models (28). Fast- 
ing insulin levels were lower in the male SCDl-/- on chow diet 
(1.3 ± 0.3 ng/dl; n = 7) compared with wild-type mice (2.5 ± 0.9 
ng/ml; n = 7). On a high-fat diet, insulin levels were similar 
between the two groups. Fasting glucose levels were similar 
between the SCDl-/- and wild-type mice. However, male and 



female SCDl-/- mice showed improved glucose tolerance 
compared with wild type (Fig. 5, P < 0.05). Thirty minutes after 

a glucose load, both male and female SCDl-/- mice tended to 
have lower fasting glucose levels (males: wild type, 345 ± 44 
mg/dl; SCDl-/- mice, 202 ± 20, n = 8; females; wild type, 
209 ± 20; SCDl-/- mice, 141 ± 9, n = 5). In addition, the 
glucose lowering effect of insulin was greater in the SCDl-/- 
mice than wild-type mice (data not shown). These data indicate 
that SCDl —/— mice have increased insu lin sensitivity along with 
their loss of adiposity. 



These studies establish a critical role for SCD in the generation 
of body fat. The deletion of the SCDl gene resulted in global 
changes in gene expression and altered metabolic activity that 
can account for the loss of body fat. 

Genes encoding enzymes that participate in fatty acid oxida- 
tion were up-regulated in the 5C£)i-/-mice. CPT-l, ACO, 
VLCAD, and FIAF are known targets of PPARa (27, 28) and 
contain PPARa response regions in their promoters (28), Be- 
cause PPARa mRNA is unchanged (data not shown), the 
up-regulation of enzymes of fatty acid ^-oxidation in the 
SCDl—/- mice must be downstream of PPARa transcription. 
Thus, it is possible that ioss of SCDl function results in an 
increase in the concentration of a PPARa activator, perhaps a 
lipid ligand. The contents of saturated fatty acids (C16:0 and 
C18:0) are increased, whereas the contents of the polyunsatu- 
rated fatty acids of the n-6 and n-3 are not changed in the liver 
of the SCDl-/— mice (8, 10). One possible mechanism for our 
observations is that the saturated fatty acids induce the signal 
that activates the PPARa in the SCDl -/- mice, but this has yet 
to be determined. Alternatively the increased levels of C18:0- or 
C16:0-CoAs could inhibit acetyl-CoA carboxylase {ACC) 
through a well-known feedback mechanism; the resulting drop in 
malonyl-CoA can derepress CPT-l, resulting in increased trans- 
port of fatty acids into the mitochondria. Thus, the mechanism 
of increased lipid oxidation in the 5CD7-deficient mouse could 
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Fig. 4. (A) Expression levels of lipid oxidation (/.eft) and lipid synthesis (Right) genes between wild-type and SCD1-/- mice. (B) Quantitative reverse- 
trar>scription-PCR of FIAF and FAS gene expression, relative to wild-type mice. 1 SS RNA was used as a normalization control. (O Northern blot analysis of lipid 
oxidation genes and lipid synthesis genes (SREBF-I, FAS. and GPAT) in the wild-type and SCDI-/- mice. 



be caused by induction of P/'^/?a-target genes as well enhanced 
availability of fatty acids for mitochondrial /3-oxidation. 

The SCDI - /- mice showed decreased expression in the liver 
of lipogenic genes SREBP-1, FAS, and GPAT (Fig. AC). 
SREBP-lc is the main SREBP-1 isoform expressed in the liver 
and regulates the expression of lipogenic genes (29). Insulin, 




Fig. 5. Plasma glucose levels during the glucose tolerance test of male and 
female wild-type and 5CDI--/- mice. 



dietary carbohydrate, fatty acids, and cholesterol regulate 
SREBP-1 gene expression and protein maturation (29, 30). Thus, 
the down-regulation of SREBP-1 gene expression in the 
SCDl~/~ mice could have numerous effects on various met- 
abolic pathways regulated by SREBP-1. For instance the induc- 
tion of SREBP-1 by insulin and cholesterol greatly enhances the 
synthesis and secretion of triglycerides by the liver (31). How- 
ever, in the SCDI knockout mice, carbohydrate feeding fails to 
induce triglyceride synthesis and secretion by the liver (7, 20). In 
addition, the SCDI deficiency attenuates triglyceride synthesis 
and very low density lipoprotein secretion in the ob/ob mouse 
(32), implying that SCDI represents a crucial bottleneck in 
triglyceride synthesis in the mouse. 

In contrast to human subjects and several mouse models of 
lipodystrophy (33-36), the loss of adiposity in the SCDl-/- 
mice led to increased rather than decreased insuUn sensitivity. In 
lipodystrophy, there is a redistribution in the lipogenic burden 
away from adipose tissue, leading to triglyceride accumulation in 
the liver and in skeletal muscle. Skeletal muscle triglyceride 
levels have recently been shown to strongly correlate with 
impaired insulin-stimulated glucose disposal. The reduction in 
muscle triglyceride content (M. Rahman, M.M., and J.M.N. , 
unpublished data) in the SCDl—j— mice may contribute to 
increased insulin sensitivity observed in these mice. 

Lipodystrophic Crebbp heterozygous null mice (37) have 
increased energy expenditure and unlike other lipodystrophic 
mouse models, increased insulin sensitivity. This has been at- 
tributed to increased plasma leptin levels. We measured plasma 
leptin to determine whether changes in levels of plasma leptin 
could account for the protection from weight gain, increased 
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energy expenditure and insulin sensitivity in the SCDI—j- 
niice. Plasma leptin was significantly reduced in the SCDl-/— 
mice relative to the wild-type controls (on chow diet: males, 
5.0 ± 0.5 vs. 25.3 ± 5.5 ng/inl, P < 0.01; females, 5.1 ± 0.9 ng/ml 
vs. 11.1 ± 1.2 ng/ml, P < 0.001). A similar large difference was 
observed in mice on high-fat diet. Plasma leptin remained lower 
in SCDl-/- mice even after correcting for reduced fat mass. 
Thus, the SCDl—/— mouse does not resemble the Crebbp+/— 
mouse, because the protection from adiposity is present despite 
lower leptin levels. These data suggest that SCDl acts down- 
stream of leptin, and predict that loss of SCD function would 
ameliorate the severe obesity observed in leptin-deficient oft/oft 
mice. Indeed, double mutant asebia ob/ob mice weighed signif- 
icantly less than CSTSL/e-ob/ob mice (32). 

In conclusion, our studies have revealed that SCDl gene 
deficiency leads to resistance to diet-induced obesity, increased 
insulin sensitivity, and increased metabolic rate. Because leptin 
represses the expression of the SCDl gene and the SCDl 
deficiency normalizes the hypometabolic phenotype of the 
ob/ob mice (32). our results are consistent with SCDl being a 
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target of leptin signaling, as suggested by the gene array studies 
of Soukas et al. (38) and confirmed by Cohen et al. (32). In 
addition, the expression of PPARa. target genes of lipid oxidation 
were up-regulated in mouse liver of SCDl—/— mice, whereas 
those of SREBP-1 target genes of lipid synthesis were down- 
reguiated. The studies suggest that SCDl deficiency either 
directly or indirectly induces a signal that activates the PPARa 
pathway to partition fat toward oxidation and down-regulates 
SREBP-1 expression thereby reducing lipid synthesis and stor- 
age. These metabolic changes recommend SCD as a promising 
therapeutic target for the many disorders associated with the 
metabolic syndrome. 

We thank Dr. Jeffrey Peters for the cDNAs for ACO, VLCAD, CPT-1, 
and PPARa. We thank Mary Rabaglia for assistance with insulin 
measurements. We thank Yeonhwa Park for critical reading of this 
manuscript. This work was supported in part by Nation ai Institutes of 
Health Medical Scientist Training Program Grant GM07739 (to P.C.), 
National Institutes of Health Grants ROlDK-41096 (to J.M.F.), HL- 
56593 and ROlDK-58037 (to A.D.A.), and ROlDK-62388 (to J.M.N.), 
and by Xenon Genetics, Inc. (to M.M.). 



23. Berniohr, D. A., Bolanowski, M. A., Kelly, T. J., Jr., & Lane, M. D. (1985) 
/. Biol. Chem. 260, 5563-5567. 

24. Newton, M. A., Kendziorski, C. M., Richmond, C. S., Blaltner, F. R. & Tsui, 
K. W. (2001) /. Comput. Biol. 37, 37-52. 

25. Li, C. & Wong, W. H. (2001) Proc Natl. Acad. Sci. USA 98, 31-36. 

26. Imanaka, T., Aihara, K., Suzuki, Y.. Yokota, S. & OsumI, T. (2000) Cell. 
Biocheiii. Biophys. 32, 131-138. 

27. Kersten, S., Seydoux, J., Peters, J. M., GonzaSez, F. J., Desvergne, B. & Wahli, 
W. (1999) /. Oin. Invest. 103, 1489-1498. 

28. Kersten, S., Mandard, S., Tan, N. S., Escher, P., Metzger, D., Chambon, P., 
Gonzalez, R J., Desveigne, B. &. Wahli, W. (2000) / Biol. Chem. 275, 
28448-28493. 

29. Brown, M. S. & Goldstein, J. L. (1997) Cd! 89, 331-340. 

30. Shimomura, I., Bashmakov, Y., Ikeraoto, S., Horion, J. D., Brown, M. S. & 
GoidsfEin. J. L. (1999) Proc, Natl. Acad. Sci. USA 96, 13656-13661. 

31. Wang, S. L., Du, E. Z., Martin, T. D. iS: Davis, R. A. (1997)/. Biol. Chem. 272, 
19351-19358. 

32. Cohen, P., Miyazaki, M., Socci, N. D., Hagge-Greci^rg, A., Liedtke, W., 
Soukas, A. A., Sharma, R., Hudgins, L. C, Ntambi, J. M. & Friedman, J. M. 
(2002) Science 297, 240-243. 

33. Peterfy, M., Phan, J, Xu, P. & Reue, K. (2001 ) Nai Genet 27, 121-124. 

34. Moitra, J., Mason, M. M., Olive, M., Krylov, D., Gavrilova, O., Marcus- 
Samuels, B., 1 eigenbaum, L., Lee, E., Aoyama, T., Eckhaus, M., et a/. (1998) 
Genes Dev. 12, 3168-3181. 

35. Shimomura, I., Hammer, R. E., Richardson, J. A,, Ikemoto, S., Bashmakov, Y., 
Goldstein, J. & Brown, M. S. (1998) Genes Dev. 12, 3182-3194, 

36. Burant, C. F., Srccnan, S., Hirano, K., Tai, T. A., Lohmiiler, J., Lukens, J., 
Davidson, N. O., Ross, S. & Graves, R. A. (1997) /. Clin, [nvesl. 100, 
2900-2908. 

37. Yauiauchi, T.. Oike, Y., Kamon, J., Waki, H., Komcda, K., Tsuchida, A., 
Date, Y., U, M. X., Miki, H„ Akanuma, Y., el aL (2002) Nat. Genet. 30, 
221-226. 

38. Soukas, A., Cohen, P., Socci, N. D. & Friedman, J, M. (2000) Genes Dev. 14, 
963-980. 



11426 I www.pnas.org/cgi/dol/10.1073/pnas.132384699 



Ntambi etaJ. 



Polymorphisms in the SCDl gene: associations with ...[Obesity (Silver Spring). 2007J - PubMed Result Page i ot 'I 



A service of the U.S. Niim'jnal Library of Medicine 
and the National Institutes of Health 



My NCBI il 
[Sign in] rReaister) 



All Databases 
Search PubMed 



Nucleotide 



^ for ;(\Afarensjo[Auth^ AND(obesity[Jour]) j [ Go 
Limits Preview/Index History Ciipboard Details 

Display ! AbstractPlus A show 20 ^ Sort By Send to §^ 

FaH:1 FReviewiO | 



1 PMC Journ; 
Clear | Save Searcl: 



□ 1: Obesity (Silver Spring^. 2007 Jul;15(7):1732-40. 



j Polymorphisms in the SCD1 gene: associations with body fat 
\ distribution and insulin sensitivity. 



Warensjo E , Ingelsson E, Lundmark P . Lannfelt L , Syvanen AC , 
Vessby B , Riserus U . 

Clinical Nutrition and Metabolism, Department of Public Health and Caring 
Sciences, Uppsala University, Uppsala Science Park, 751 85 Uppsala, Sweden. 
eva.warensjo@pubcare.uu.se 

OBJECTIVE: Obesity and insulin resistance are nnajor risl< factors for 
metaboHc diseases and are Influenced by lifestyle and genetics. The 
lipogenic enzynne, stearoyl-coenzyme A-desaturase (SCD), is related 
to obesity. Further, SCDl-deficent mice are protected against obesity 
and insulin resistance. We hypothesized that genetic polymorphisms 
in the SCDl gene w^ould be associated with obesity, insulin sensitivity, 
and estimated SCD activity in humans. RESEARCH (METHODS AND 
PROCEDURES: The study population was 1143 elderly Swedish men 
taking part of a population-based cohort study, the Uppsala 
Longitudinal Study of Adult f>1en. Associations between single 
nucleotide polymorphisms and obesity (waist circumference and BMI), 
insulin sensitivity (assessed by hyperinsulinemic eugiycemic clamp), 
and estimated SCD activity (fatty acid ratios) were analyzed using 
linear regression analysis. RESULTS: Subjects homozygous for the 
rare alleles of rsl0883463, rs7849, rs2167444, and rs508384 had 
decreased BMI and waist circumference and improved insulin 
sensitivity. The rare allele of rs7849 demonstrated the strongest 
effect on both insulin sensitivity [regression coefficient (beta)=1.19, 
p=0.007] and waist circumference (beta=-4.4, p==0.028), 
corresponding to 23% higher insulin sensitivity and 4 cm less waist 
circumference. CONCLUSION: This study indicates that genetic 
variations in the SCDl gene are associated with body fat distribution 
and Insulin sensitivity, results that accord well with animal data. 
These results need confirmation in other populations with a larger 
sample size. 
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Fatty acid desaturases in human adipose tissue: relationships 
between gene expression, desaturation indexes and insulin 
resistance. 

Sjo g ren P , Sierra-Joiinson J , Gertow K , RoseiLM, Vessby B, de 
FaireJJ, Hamsten A , Heilenius ML , Fisiier RM . 

Atiierosclerosis Researcli Unit, Department of Medicine (Solna), Karoilnska 
Institutet, Karolinsica University Hospital, 171 76, Stockholm, Sweden, 
ractiel.fisiier@ki.se. 

AII^S/HYPOTHESIS: Fatty acid desaturases Introduce double bonds 
into growing fatty add ctiains. The key desaturases in humans are 
Delta(5)-desaturase (D5D), Delta(6)-desaturase (D6D) and stearoyi- 
CoA desaturase (SCD). Animal and human data implicate hepatic 
desaturase activities in insulin resistance, obesity and dyslipidaemia. 
However, the role of desaturase activity in adipose tissue is uncertain. 
We therefore evaluated relationships between adipose mRNA 
expression, estimated desaturase activities {fatty acid ratios) in 
adipose tissue and insulin resistance. METHODS: Subcutaneous 
adipose tissue mRNA expression of DSD (also known as FADSl), D6D 
(also known as FADS2) and SCD was determined in 75 individuals 
representative of the study population of 294 healthy 63-year-old 
men, Desaturation indexes (product/substrate fatty acid ratios) were 
generated from adipose tissue fatty acid composition in all 
individuals. Insulin resistance was defined as the upper quartile of the 
updated homeostasis model assessment (HOIvjA-2) index. RESULTS: 
The relevant desaturation indexes (16:1/16:0, 18:1/18:0, 20:4/20:3 
and 18:3/18:2) reflected expression of SCD, but not of DSD or DSD in 
adipose tissue. Insulin-resistant individuals had a higher adipose 
tissue 18:1/18:0, but not 16:1/16:0 ratio than Insulin-sensitive 
individuals. Individuals with a high adipose tissue 18:1/18:0 ratio 
were 4.4-fold (95% CI 1.8-11.8) more iikely to be insulin resistant 
[threefold (95% CI 1.1-8.6) after adjustment for waist circumference 
and plasma triacyiglycerol]. In a multiple regression model predicting 
HOMA-2, the independent effect of the 18:1/18:0 ratio was borderline 
(p = 0.086). CONCLUSIONS/INTERPRETATION: Adipose tissue 
desaturation indexes of SCD reflect the expression of the gene 
encoding the enzyme in this tissue. Elevated SCD activity within 
adipose tissue is closely coupled to the development of insulin 
resistance. 

PMID: 18030445 [PubMed - as supplied by publisher] 
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